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Foreword

A Svymposiuf on Winds for Aerospace Vehicle Design was held on 27-28
Saptembér 1961 -at Lourence G, Hanscom Field, Bedford, Masggschusetts,
Cosponaou,wééé the Geophysics Rec=avch Directorate, Air Force Cambridge
Remearch Laboratories, Office of Aerospace Rescatch: and the Deputs for
Technology, Acronautical Systems Division, Air Forze Systems Command,

Al papers stressed application of wind information to deaign problems.
The audience was composed primarily of Air Force designersa and contractors
gent by the major design groups to hear and discuss thesc papers.

A review of hundreds of geophysical consultations with Air Force
engincering interests shows that the behavior of atmospheric winde receives
more consideration in acrospacc vehicle design than any other geophysical
element. Interactions on the aerospace vehicle due to departures of the w nd
from normal can vesult in aborted missions; they sometimes prove disasttrous.

In the Symposgium, five gencral design proklem areasg were discussed:
ymp !

1. l.aunch pad stand-bhy and launch probiems;
2. Boost wind profile problems;

3, Staging altitude wind profile problems;

4, Cruise altitude wind ficld problems;
5

. Reentry and ballistic wind problems.

Discussions on thegse problems were oriented toward:

1. Descriptive material of the wind in forms applicable to design
investigations;

2. Proedictability of the winds (persistence, friendly area, silent area)
in forms applicable to design consid:ration;

3, NMeasurability of the winds (surface, balloons, rockets);

4. Results of engincering studies of intcractions of the wind with vehlcles.

This Symposium had two purposes:

I. To bring the latest scientitic information on wind behavior brfore
the working-level designers and, through discussions among the
various designer teams, to devalop better understanding of the ap-
plication and utilization of this information;

2, To provide rcecarch geophysicists with a better undevstanding of
current and future design problems so that these scientists can orient

their experimental and theoretical work toward necessary < ‘ension

of knowledge of the wind field,
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Keynote Address

BRIGADIER GENERAL B. G, HOLZMAN, COMMANDER

* ™ FORCE CAMBRIDGE RESEARCH LABORATORIES

IR -l &!" S

Thirty years ago the most important concern that people had w*:h
mecteorology was whether or 1ot it was going to rain,

o pas DRI, oD AL NS LT NS U

People wanted to
know if they siiould schedule a plenic, hang ouat the wash, or plant corn.
Weather forecasting itself was a rather primitive art.

We are all familiar with the great accumulation of rneteorclogical

information we have gained since then. Most of this research progress

has been made since World War II. Almost all of the papers presented

at this conference are in research areas that would have been of little

interest cne or two decades ago. We have example ., of the goeat si.prove-

ments in the mecteorological sciences that have come about only within the ‘
past five ¢i six vears. In 1554 Hurricanc Cerol struck the New England
’ area witt very little advance warning to ‘n.> people of New England.

lives were lost that might otherwice have t-rin saved, By contract,

which struck the Galveston area was one for which those
living in tie Julf Coast region were complc.ely prepared.

Many
Huarricai, Car

It has been
estimated tiri. o thousand llves were saved as a result of the excellent job

done of weather Jorecasting and in informing the ‘people of the progress of
this hu. ricane.

We all know the attention given ‘o winds before an atomic test or a

satellite launching. Detcnations have been delayed sometimes for days and

at other times postponed altogether becausc the wind conditions on a given

day were not satisfactory. As an Air Force meteoraologist, I participated

in many of *he tests in the Pacific, We discovered that when detailed

mcasurements of the winds aloft were made, at hourly intervals, great

variations in wind speeds were noted. Accurate win? information was most

cssential in calculating the differential ballistic wind for the precision

required in placirg the atomic weapon over the target Zerc, ! have always
been disturbed by our lack of adequate wind information, The conventional
winc velocity and direction measurement made near the ground has very

/ »

hittle meaniny without & gradient relationship.
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Many years ago, 1 was involved in making measurements of the evapora-
tion from land and water surfaces. In order to do this, it was essential
to be able t¢ calculate an exchange or transfer ccefficient, This coefficient,
frequency called the "Austausch', can be calculated by wind shear
measurements, but it ie necessary to have the shears known in detail
along with the temperature :tability relationships. I think that meteoro-
logists can well look to improving the meteorological reporting network by
incorporating gradient and detailed wind shear measurements,

We in AFCRL have had a part in many conferences devoted to research
on wind and wind patterns, ‘his is the [irst conference, however, that has
been specifically devoted to problems of vehicle design from the standpoint
of winds. At each layer of the atmosph:re you have problems of turbulence
and your vehicic must be built with the full knowledge of the wind structure
at various altitudes within the atmosphere,

At AFCRL not only do we have the responsitility for carrying out
research for the Air Force on wind and wind patterns, but we have the
responsibility to disseminate our research results as widely as possible to
all those who might be ‘. terested and who could make use of the work we
are doing, It is this latter consideration that has caused us to sponsor
this conference on winds for vehicle degign. As you may know, we have
only indircct interest in vehicle design as su.!. These are the problems
of our sister organization, the Air Force Systems +* - :i:nd, which must
be made aware of the special problems that unprrdictable wind patterrs
might bring to hear on their missile and manned aircraft, The rese..ch
information that we accumrsulate in these areas is made available to the
Air Force Systems Command so that they might apply these to their ad-
vanced ideas in weapon systems design,

Judging from the very fine program that your Chairmen, Mr.
Sissenwine and Mr. Kasten, have organized, [ believe you have an extremely
interesting and worthwhile conference. ! hope that as a result of this
conference those of you not agsociated with AFCRL will find that you have
obtained a broadetr kuowledge of our research program and that from this
conference you will achieve a closer and more profitable work relationship
with our scicntists,

s vt . i 11
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Review of lUSAF Wind Requirements and Related Documents for Aerospace
System Design

H. G, KASTEN
C. J. SCHMID, JR.

AERONAUTICAL SYSTEMS DIVISION
AIR FORCE SYSTEMS COMMAND

ABSTRACT

This paper furnishes information that will be uscful to engineers and techrnii-
cal personnel working in the general ficld of acrospace system design and
provides research geophysicists with a better understanding of the experi-
mental and theoretical woilr required to extend knowledge of the wind field,
The information contained in this document is concerned with general design
data to be used only for preliminary or comparative analysis of specifica-
tions or related documents to be checked for a final, detailed hardwate
degign Investigation, [t is not the intent of this paper to replace USAY
specifications and/or relatéd documents by the text. Rather, this is en
expanded revicw of these documents intended to present a thumbnail sketch

of the literature. It should also be nctcd that this L.erature survey is by
no means comple'e,

ACKNOW L. VIENTS
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where n the field of Aerospace 8y. . s for thr r suggestions and comments.

Particular appreciation is due Lawrence Mi ~ ' and John O'Connor lor
their efforts in gathering and condensin; mauc:, tne information in the two
charts and toMrs. Patricia J. Conner for her aitigen! typing of the final

manugcript, Finally, the opinjons or asserticr ; contained herein are pre-
sentec only for the exchange and stimulation of ideas and are not to be
conatrued as official or reflecting the views of any Government agency or
department,
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INTRODUCTION

With the advent of large balliatic guided miseiles and aerospace- .
venicle booster combinations, a great deal of effort must be devoted to
the problem of deéig-m’ng weapor system equipmen: to withstand the at-
niosnaeric win” phenomena, Winds are one of the greatest variables in
any type of flight and are often responsible for the critical deaign conditie.
of vertically rising vehicles, It is ne -ssar” to consider the vertical and
horizontal structure ' the wind in detail, These design 1 ameters are
not easily predictable, however, so a sharp definition of wind phenomena
effects on structural loads, vehicle motions, guidance requirements, and
so on, cannot be formaulated,

The phenomena has (hree principal characteristics: the steady wind
velocity profile, the wind shears occurring in the neighborhood of jet
streams, and the gust action that can take place at any time or altitude,

A further problem :: the possibility that combinations of these discrete
rhenomena might act simultaneously.

The literature on the wind problem is extensive but does not provide
the vehicle designer witn all the neccssary requirements and data for
optimum design, This paper will provide at least a partial survey of
applicable documents, including specifications and specigiized not:s
reporting the wind phenomena,

Although the data on the discrete elements of the wind phenomena are
voluminous, information on simultaneous action of the «iiid e.ements is
noticeably lacking. This combination data is just not available. It is
tioped that the need for this knowledge will be satisfied in future years.

USAF WIND REQUIREMENTS

Current USAF wind requirements are in the form of military specifica-
tions, bulietins, standards and handbooks. Chart | summarizes thesge
documents. A detailed review of thege documents will show that the data
available dc not reflect the requirements, It is inherentiy difficult to inject
new data intn specificaticiis on short notice. Therefore, as an intecim
procedure, information from Air Force Cambridge Research Laboruatories’
Reports has been applied directly to many hardware contracts as the
design requirement.

Current philosophy on design of vertically rising vehicles is to uge
primarily a statistica! load survey for [ina: design, This involives the siudy
and calculation of trajectory parameters, including vehicle loads, obtained

by flving’ through a sample of soundings on a digitai computer.
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The basic inability of discrete profiles to predict the one-percent peak
load directly indicates that they are inadequate for final design purposes.
For preliminary design analysis, however, which need not be especially
accurate and which must very likely be made several times because of
modifications in the vehicle, a quicker, tnough less accurate, method is
needed. Properly designed and tested discrete profiles can fulfill this
need and provide sufficiently accurate anawers for preliminary design in a

relatively short time.

Design requirements for combined wind, wind shear and gust loads are
::ot currently available. Due to limitations in past measuring systems
(which gathered the bulk of applicable wind data) the high frequency gust
components were filtercd out by the measuring system. For preliminary
design an interim procedure can be used that combines the loads obtained
from wind and wiiJ shear studies with those obteined from gust studies
employing a correlation coefficient of 1,0 to obtain the one-percent peak
load due to combined winds, wind shear and gust loads. In this interim
procedure it is assumed tha! the iicrease in load due to the gust effect is
small compared with the design load contribution of the wind and shear
analysis,

Hopefully the necessary measuring system and analysis tools to better
define the wind phenomena will be available iu the new«  uture. Simui-
taneously, the development of a brief but sharply defincd wind phenomena
criterion for application to aerospace system design stucies would fulfill
the major needs of vehicle designers concerned with the contribution of the

total wind phenomena.

RELATED 7" }CUMENTATION

At present, the most important source of up~to=date information on the
wind prcblem is in papers and reports. Chart 2 tabulates some of these
documents., Since much of this data has been collected by Air Force
Cambridge Research Laboratories, many of the reports are G literature,

An cxamination of the chart will show that data for eimultaneous com-
binations of the discrete phenomena is censpicuously absent, The pon-
existence of such information is due to the amount of time and cost required
to gather it, Since designers tmust know the combined effects of winds,
shears, and gusts ¢n a structure or control system in order to progress in
optimization studies on larger and more expensive weapon svaiems, instru-
mentation and techniques for determining realistic combination conditions

ai'e vecoming mandatory.
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CONC LUSIONS

Lk m e

Whether by intent or by accident, & philoaophy of design criteria has

been generated for the wind phenomena., As pointed out in the requirements :

and related decuments discussions, the philosophy has been to {nclude in
hardware specifications data thar 1a reported in related scientific lterature,
These data are not always entirely applicable to thz specific equipment

o ram ad . i el

being designed.

This process of developing requirements is at besat unsatisfactory, 2
Much of the data is undoubtedly reliable, but the degree of accuracy may :
not be known. Difficulties arise when data is copied over and over again ‘

without any explanation or limitations placed upon it. Eventually some ;

designer might accept the data as true instead of with the reservations and

limitations the author intended.

The quality of design requirements is dependert on the knowledge of
the originators. Great deficiencies can take place in 1equirements and
thus provide the USAF with vehicles that are unnecessarily under- or
over-designed, In either case the total system may be penalized--either
by a catastrophic failure or through performance penalities due to excessive
wveight. A brief but sharply defined wind phenomena criterionapplicable to
aerospace syvstem design studies is requred,

FUTURE ACTIONS
1, Collect and evaluate available data on the total wind phenomena

aspect,

2, Revise and improve USAF acrospace system specifications to re-
tlect the newest reliable wind data based on required level of safety and an
acieptable probability of failure.

3. Conduct applied research to determine system response to wind
phenomena as related to criteria selection,

4. Coordinate with other government and industry orgunizations un
realisac requirements for aerospace gystems.

Initiate a program to ascertain the kinds of realistic conditions
that wiil combine steady winds, shears and gusts,

6. Plan and implement a study to establish probabilities for all aspec:s

of the wind phenomena at specific global locations,
7. Develop a brief but sharply defincd wind phenomena criterion for

application to aerospace system preliminary design studies.
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GLOSSARY

"Gus's = A sudden brief movement of air at a velocity in excess of the steady
movement wvelocity.
Shears - (Wind Shear) The magnitude of the vector difference between the
wind vectors at two altitudes divided hy the thickness of the aiudtude inter-
val (sec™1),

Shear Angle - The angle hetween the upper (altitude} wind and the lower
(altitude) wind vector (degrees).

_Sﬂ?_;_sr Thickness - The differe; ¢ in heipht between the two winds used in
a wind shear calculation (Teet),

Turbuience - Turbulent flow motion is an irregular condition of flow in
which the various yuantities show a random variation with time and space
coordinat:s, so that s:atistically distirct average values can be discerned,
Wind - Any movement of air; natural air in wodoa with any degree of
veloeity, direction, or density,

Wind Phenomena -~ Any facte and events of scientific interes® on winds,

For purpeses of

his paper, the elements of the pheromena are defined as
steady wind velocity profiles, wind shears, and gust ac:ion,
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Design Problem Analysis and Design Philosophy

NORMAN SISSENWINE

GEOPHYSICS RESEARCH DIRECTORATE
AIR FORCE CAMBRIDGE RESEARCH LABORATORIES

ABSTRACT

In arriving at a design criterion to be used in a calculated risk philosophy,
the appropriate distribution of the wind must be taken into account. The
selection of the appropriate distribution is possible only after a design
analysis is made based on a clear and detailed understanding of the problem,
A compromise may then be reached between the feusibility of design and the
risk of the various extremes in the distribution. It can be quantitatively
cvaluated and decided upon by the aerospace vehicle management team, from
the evidence provided by the management's engincering design and geo-
physical consulting teams, Numerous examples of this analvsis process

are given in this general discussion of wind design problems.

INTRODUCTION

The Geophysics Regearcn Directorate of the Air Force Cambridge
Research Laboratories is responsible for extending geophysical knowledge
for the Air Force., About nie years ago, it was recognized that the

majority of potential 'customers’ were designers of the future weapon
systems, A liaison was established with the Air (‘orcc design community
and a program was initiated to help engincers analy<c geophysical problems,
to acquaint them with on-‘he-shelf geophysical information, to tailor both
specific and gencral solutions for them, and finally, to reorient recearct
where necessary. Since that time, nearly a thousand formal requests for
assistance have been recorded, Countiess cother requests were answered
without ever getting into the formal channels. About half of these requests
werce in connection with some aspect of wind phenomena. [t was found that
the problems were being defined, and the *ypr of geophysical presentation
that was thougnt to be needed was being specified without consultation with

the geophysicists, design criteria were {requently being estabiished with-
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out « design philosophy-~the acceptable calculated risk for the specific
areas and time pericds of operation. A

DESIGCN PROBLEM ANALYSIS

Before turning to design philosophy, the importance of problem defini~
tion should be stressed by mentioning some of our wind problem encounters.
A unique wind problem, one of the first with which we came into contact
whon we became niigsile minded, was related to inertial guidance platformsa
being evaluated in an early version of an airborne intercontinental missile,
The problem was presented to us with the formal title, 'Air Mass Damping,'
It was related to oscillations of inertial guidance platforms that have a
natural frequency of 84 minutes, the period of a pendulum as long as the
earth's radius, Such a platform cannot sense, and consequently cannot
damp oul, forcing factors to the system guidance that have a frequency of
84 minutes,

The original definition of the problem led us to believe that gust forces
(nicknamed 'air masses’ despite the fact that this term has a special
meteorological meaning) would be deleterious to the system. Much digging
was required before it »as determined that the pertinent wind features were
the components in the sinucus upper wind flow, which has wave lengths of
hundreds and thousands of miles instead of hundreds of feet. A Fourier
integral of the tail and cross=-wind components, from intercontinental
flight level wind maps, revealed that these uncompensated winds could
create guidance errors of several miles.

The problem of choasing the stratospheric al**tude at which a balloon
system can be maintained sta:ionary with minimum power and fuel can be-
come quite tricky., The size of the power plant varies directly as the cube
of the extreme wind speed, ard fuel comsumption as the cube of the average
wind, Since there is a fairly high correlation between average and extreme
wind speeds, it appears that the calmest altitude should satisfy both require-
ments.

The sclection of optimum altitude, based only upon winds, can be in-
correct, Air density, which cetermines the buoyant force on tri: zxi.oon
as weil as the wind power available in a volume of wind and interrelat:s
the balloon design with the distribution of both wind and density, must be
considered. Larger balloons, which will have larger cross section for wind
loading, are requircd at higher altitudes, Despite this, until the speed at
100, 000 feet exceeds the speed at 50, 0CO feet by 30 percent, less power and
fuel are required at 100, 000 feet.

28

A

—— g

i etk bl g LA O E i o

"




b

d gl
A

o

£n

M

<
L

"1

)

YRR

L

R Al it

Getting back to earth, let us consider what appears to be a simple
problem=«gurface winds, After all, there is nearly a century of surface
wind records, Suppo;e a new missile is being designed, Firat, this
vehicle must be availshle for its planned life as an active weapon, yet it
must atand by on the launch pad in a readiness position, exposed day in and
day out like a television antenna. In this instance the day-in and day-out
winds are of small importance since the vehicle must withstand thc extreme
winds, The extremes occur with special weather xituations associated with
tropical or extratropical cyclones, The cleanest goluticn to this problem
is to consider the extreme wind that occurs each year, rather than the
frequency of cyclones,

Perhaps the military planners desire a readiness life 0. 25 years, and
are willing to take a one-percent risk., The mos* straightforward approach
is lu obtain a distribution of maximum windas for a representative sample of
25-yecar periods. From these, the wind speed that has a one-percent pro-
bability of being exceeded in 25 years, the design criterion, can be deter-
mined, A representative sample of 100 requires a record of 2500 years,
kortunately, there are statistical theories that can be used, but the exten-
siveness of the effort rcquired in applying these theories cannot be treated
lightly,

A most important refinement is that each maximum-for -the -year wind
speed used in the basic sample is a value obtained at a non standard height,
and averaged over a time period dependent on *Ye nature of the observing
equipment and then-current observing practices. Is this time period the
same time that it takes fo tip over the erected missile? [s this anemometer
altitude at the center of acradynamic pressure? The -uet that does the
damage has a critical speed, duration and geometry ‘hat 1s interrclated
with the down-wind and vertical dimensicns of the missile, The wind cata
in the National Archives of the U.5., and that of other national weather
services, were not collected for design problems. Some scientifically
based adjustments, often somewhat arbitrary, must be made; these require
serious consideration in the problem solution.

Let us now consider the launching of the missile. It has withstood
these vicious cyclones for several yecars, but launching in a wind as astrong
as this stand-by design criterion, say 100 miles per hour, is not within
the 'state-of-the-art.' Fortunately, the likelihood of its occurring during
a taunching operation will be less than one in a miliion, Now the day-in-
day-out data become useful, but only several instead of inany hundreds of
years of record are needed for this part of the problem, From a distri-

bution of kourly wind speeds, a reasonable criterion can be ohtained,
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weighing cost and complexity of design against calculated risk. Perhaps
only one percent of the time will the wind gust geometry be mare severe
than the designer's calculations indicate would be critical for an initial
design configuration. Working level designers and gecphyaicista therefore
decide that this is & satisfactory design criterion becausge a one-percent
risk appears reasonable.

DESIGN PHILOSCPHY

We made the transition into design philosophy as we did in the stand-by
problem, Have we done a thorough job? For one, have we used the wiad
distribution from the worst location in which this missile may be called
upon to operate? Does the operational concept include flying this vehicle
under all kinds of weather, say heavy cloud cover? The wind distribution
may be different in rlcar than in cloudy weather. How about season effects?
If theve are shurp seasonal variations, one percent on a year‘-x:ound pasis
might prove to bc a ten-percent risk during the windiest month, and for
some military operations, this is rauch too great a risk to take that we
will not be in business when given the order to push the buiton. On top of
:his, therc is a great probability that this ten percent value, three days of
the windiest month, might last for hours or days because there is quite a
bit of persistence in weather. B3Such a delay could be fatal in a nuclear war,
There is also the lixelihood of other launching bases being inoperative con-
currently.

Evidently, after the distribution of a critical paramecter has been de~
cided, a great deal of thought must be given to the desigu philosopry.
bwever, in military circles, the design philosophy, the calculated risk
decision, does not lie with designers or geophysicists. It is the prerogative
of the management team wiio must act as expert witnesses: engineers by
providing data on cost and difficulty of design, and geophysicists by {ndicating
the risk incurred. The System Proiect Officer must make the final decision.

SHORT CUTS AND DIFFICULTIES

The approach thus far advocated is the following; (1) determine the
critical representation of the wind from a diagnosis of the design problem;
(2) develop a distribution of the critical representation of the wind; and (3)
examine cost of design for various extremers of the distribution in order to
arrive at a reasonable design with acceptabl: calculated risk. Complex
statistical ways of showing this distribution are of‘en required and many of
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these will be discussed in later papers, Certain short cuts may prove
helpful, One of these i8 to decide tha* there is no problem. It is quite
obvious that if a surface-exposed object could withstand winds of several
hundred milea per hour there is no need for a surface wind desgign
criterion, Decisions of thic type for upper winds are not as easy to make.
Some decisions can causge trouble whcn incorrectly appiied. Take a balloon
system which must not be more thau a certain distance from the point of
release when it attains cruise altitude, A quick decision can be made as
to whether or not a design problem exists. Extreme wind speed at each
altitude for any given location can be estimated. These extremes will not
occur simultaneously at all levels. If a simple calculation shows that the
balloon is still within the acceptablic distance i1 the extremes had occurred
simultaneously and from the same direction, no design problem exists.
Unfortunately, this same treatment has been tried for missile boost
wind profile design

LY e
Sigh. osud

ny witl recpgnize that this type of wind profile,
say one percent extreme at all altitudes, would create far less bending to
and require less engine gimballing of vertically rising vehicles than a
profile in which the wind speed is light or average at most altitudes, and
one percent extreme at some critical altitude, Unfortunately, it cannot be
entirely obvious, since some of the early missile designers did atteinpt to
present desigin wind profiles that were synthesized from extreme speeds
at all altitudes, Instead of over design, as they had intended, they had
seriously under designed,

A difficulty with which we are frequently faced, after the problem is
properly analyzed and the applicable wind distribution is specified, is
obtaining the representative data sample, Several years ago i* was quite
difficult to get an acceptably accurate representative sample of 30, 000-foo!
wid profiles for the boost problem.

Today, too late for consideration for some of odr maor inissiles, upper
air sounding equipment tha! will operate during the strong wind profiles of
great importance in design is just coining into ‘he inventory. But now we
find there is a great need for wind profiles {5 four or five times this
altitude, Alson, details in the lower altitude profiles that had never tefore
been considered and were hardly observed mignht be quite important.

It seems that we are always behind in obtaining the information re-
quired, even though we arc in the forecasting business. This is not because
we are poor forecasters. Several ycars azc we {orecasted, and arc coun-
tinuing to forecast, the need for accurate information on wind behavior
above altitudes attaincd by cur balleon soundings, about 160, 000 feet.
Unio~tunately, we are still having a difficul! timc convincing the ‘powers
that se' of the need for such programs.
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Managers in the aircraft and missile industry itself are somewhat
at fault, They use the phrase 'all weather' with every system, They do
not specify that they can build 'all weather' systems only if they have
quantitative design information on critical weather parameters, Even today,
there are urgent working level requeats for information or winds and den=
sitiea for boost glide vehicles, yet higher echelons in the Air Foree,
responsible 'or providing resources for geophysical programs, are unable
to obtain verification of these requirements when they query the manage-~
ment level., Importance of the geophysical 'inprts' are deemphasized for
reasons not entirely clear, yet the price of a single airplane or missile
lost, or the cost of a major firing postponement due to weather, could
cover much of the necessary geophysical research.

FORECASTING CAPABILITY

Forecasting should be brought into its proper perspective for design
considerations. In many instances the design problem is ore of reduced
mission effectiveness rather than abortion of the mission due to inability
Lo gperate, In such cases, onc may often compensate for the effect of the
wind by using a forecast. The easiest prediction is specification of average
conditions, the simplest form of climatology. For example, the average
wind profile may compensate for much of the wind effect on a reentering
rosc cone, but the cffect of the day-to-day variability around the average
must be determined, perhaps by target and by season, before there is
assurance that the system will operate within the accuracy called for in
the Specitic OUperational Requirement,

It is good policy to dzsign within this climatic variability, because a
forecast is costly and its inclusion on an hourly or daily basis is sometimes
difficult, If, however, the variability abou* the climatic average used as
the prediction is too great for a reasonable configuration, the routine use
of a synoptic predictian ghould he congidered before resorting to a gquantum
jump in gystem complexity. Synoptic predictions necessitate knowledge of
data on future forecasting capability, In some instances, these quantities
can be eostimated ‘rom current research on future forecasting techniques
that have some likelihood of operational acceptance, When such reseatrch
results are not available, a conservative approach (since forecasting
improvements, although not negligible, are slow) is to use today's predic-
tion capability, applied to recalistic simulation of operational situations.

For silent area problems, special forecasting trials by operational
forecasters are required to obtain these error data., Such tests have
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been very infrequent and are limited in scope. Even nonsilent area wind

forecast accuracy data, which require no gspecial situation simulation, are
far from extensive,

The absence of forecasting accuracy data, even
though there is a real skill, can lead to design within climatic variability
in instances where it would be more desirable to use a synoptic prediction.
An unfortunate result is the deemphasis of need for a strong vperational
prediction capability which would yleld more effective systema. There has
been a little progress in the direction of documenting wind prediction

capability for design problems. It is hoped there will be further work along
these lines,
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Global Wind Climatology B

RODERICK 3. QUIROZ

CLIMATIC CENTER, USAF
AIR WEATHER SERVICE

ABSTRACT

Avaifable climatoiogical wind data are surveyed for three realms of the
atmosphere--the air near the ground, the upper air, and the atmosphere
above 100, 000 feet. Both published and unpublished scurccs of data are
considered, with special mention made of unpublished wind frequency dis~
tributions that have been prepared for stations throughout the world.

Wind variations not readily detectable from conventional wind summaries
are briefly discussed, namely, variations in periods less than 6 hours
and systematic seasonal and annual circulation reversals in the stratos-
phere. Deficiencics in existing coverage of wind climatology are noted,

INTRODUCTION

Over a period of many years, the Climatic Center, USAF, an orgauniza-
tion of the Air Weather Service, has provided ciimatological support to
agencies of the Air Force and Army, and tc their contractors, As might
be expected, wind is among the parameters of prime concern, Much of the
work performed in the Center has had to do with the variability of wind at

the surface and in the upper air. Air route planning factors, structural

design winds, climatological fallout patterns, and runway wind distributions

ate a few of the types of analyses made. Geographically, there is scarcely

an arca of the world that has not been examined at one time or another, The

data input {or thcse analyses is greatly varied. Full use is made of the re-

sources of the National Weather Records Center where the Air Weather

Service has an important component, and extensive usec is made of pub-

lished anud unpublished materials of foreign and domestic meteorological
services, In this brief survey of giobal wind climatology, a wide variety
of types of wind data wili be noted.
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SURFACE WIND DATA

Surface observational wind data are plentiful for most areas of the
world. Since observing procedures vary, the dala are not entirely homo-
geneous. In particular, differences in anemometer levels might make it
necessary in some instances to introduce height correction factors based
on knowledge of the micrometeorology of the air near the ground. Such
adjustments may be particularly required in estimating the effect of wind
on missiles and structures at heights between the usual chservational
levels,

Upper air wind observations, as recorded on punched cards in the
National Weather Records C=nter, normally start at 150 meters above the
ground in the case of observations taken by the United States weather
services, * and at 500 meters al:ove the ground at the majority of foreign-

cperatcd stat
available, interpolatic. between the surface wind and the lowest recorded
upper air wind ig sometimes required. As is well known, the vertical
wind gradient in the first few hundred mcters above the ground depencs
on the roughness of the terrain, on the temperature lapse rate, and on the

wind speed {tseif, Fortunately, the results of numerous series of micro-

il Thus, uuless special micrometeorological data are

1 =
iOns.

meteorclogical observations taken at various places throughout the world
are available to assist in making reasonable interpolations, Still, there
are scme situations in which, owing to the unique physical cxposure of the
site in question, meteorological insight is the only remaining basis for
interpolation,

There are over 4000 stations for which detailed surface wind data,
based on several years of observations, are available in unpublished form.
Attempts to represgent the earth's wind regimes have been made with much
fewer data, A paper by Brose (1936) presents monthly mean wind speeds
for over 3C0 stations evenly distributed throughout the world., For oceanic
(1938) contains monthly charts of the prevailing and mean rcsuitant winds,
although more detailed data are now available in the U.S. Navy's recent
(1955-59) series of climatic atlases of individual oceans of the world. In
1951, Lauscher made a further analysis of the data in the earlier sources

Just mentioned. presenting maps of the earth's wind regimes, along with

*Refers lo pilot bailoon observations; first level of rawinsonde wind
data is 1000 mb, applying to heights from the ground to about 1000 ft,

depending on the synoptic situation.

U.S., Weather Dureau's "Atlas of Climatic Charts of the Oceans'
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special data for some of the windiest places on earth, (Lauscher also pro-
vided information that ig probably totally useless in aerospace vehicle
design; namely, the mean wind speed for the entire world--5,85 m/gec~~
which incidentally seems a little high.)

Somewhat more informative are wind probabilitics and statistical -

estimates of maximum winds to be expected in specified numbers of years.
This information has been prepared by various investigators for several
areas of the globe. For example, extreme winds have been estimated by
H.C.S. Thom (1959), amcng others, for the United States; and by
Anapol'skaia and Gandin (1938) for the U.S.S,R. The question of whether
to use peak gust speeds or maximum winds averaged over a minute or some
other time interval has kcen gone into quite thoroughly by Davenport (1960),
especially in relation to the dynamic response of anemometers and of the
structures affected by the wind.

‘T'he approximate number of locations for which detailed surlice wina
statistics are available--4000--was mentioned above. These statistics
consist of lengthy bivariate frequency distributions of wind speed and
direction, gererally arranged by months. Altogether there are close to
10, 00U places in the world where wind is or has been systematically ob-
served. These numbers are significant because they stress the fact that,
aiifiougn valuable data exist in published form, many more data are avail-
able in the form of unpublished machine summaries, and stiil more data
arc potentially available for summarizatioen. Obviously, it is impractical
‘0 maxce these data available en masse. Aside from purely physical con-
siderations, the intelligent use of the data depends on an awarcness of the
limitations in the original observations, the manner in which they were
processed, and on the relation of the network of stations already summarized
to the network of statichs available for summarization, This knowledge can
ordinarly be best commuaicated in the course of consultation and is most
meaningfu!l if the climatologist has a proper understanding of the client’s

operational or design problem,

THE UPPER AIR

in the past Jdecade great progress has been made toward defining the
detailed climatological wind patterns of the upper air. This progress has
been dur, in part, to the greater height!s reached in rawingonde ascents,
especially since the inid-1950's. For the United States, available statis-
tics show a steady rise in heights reached during the 1957's, For the
critical area of the U.S,§,R,, radio broadcast data have been the normal
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_ H source of upper air wind data, except for the period of the IGY and at least
1 ? part of the ensuing IGC. In the carly 1950's the broadcast Soviet upper air )

E data rarely went higher than 300 mb. In January 1959, about 55 percent of
} E these data were reaching i40 mb, but only one percent reached 25 mb

; (82,000 ft), as contrasted with 95 percent and 70 percent, respectively,

E for the United States, The Soviet IGY upper-air data received on mictocards

'; in the National Weather Records Center are inuch more impressive than the

. corresponding broadcast data. Already in July 1957, the microcards show

92 percent of thc data reaching 160 mb, about 33 percent reaching 25 mb.
Upper-air flow patterns may be deduced either from the actual wind
observations or from dally and inonthly mean constant pressure maps.

‘ Daily hemispheric map analyses up to 100 mb are now routine. In rcernt

‘ years, caily analyses up to 25 and 10 mb have been drawn by several
& groups, notably the Stratospheric Analysis Project of the U,S. Weather
Bureau, the Institut fiir Meteorolegic ot Berlin Tree Universliy, and e

Arctic Meteorology Research Group at McGill University (Montreal,

Canada). Hemispheric high-level mean maps from July 1955 on have been

prepared by Pennsylvania State University; in the U,5.58.R., Duktentsov
(1959) has reported on mean hemispheric maps at levels up to 10 mb, for
individual monthe of the IGY,

Mean upper air charts based on several vears of obscrvations are '
enumerated in a Technical Memorandum of the Ctimatic Center (Quiroz,
1959), In this survey the discussion will be confined to several of the most
outstanding compilations of upper air wind data having near-global coverage,

Major series of upper air climatological wind charts are listed in Table
1. The single source with comprehensive coverage of both hemispheres is
the British Geophysical Memoir by Heastie, Stephenson, anc Tucker; this
is the well-known "Upper Winds over the World, " ir its 1960 rcincarnation.
At 60 mb (about 64,000 fi), Bannon and Jones (1835) also embrace both
hemispheres, Two recent United States compilations, the Strategic Air
Command's "Wind Factor Caleulator, ' and Crutcher's "Upper Wind Statis-
tics Charts of the Northern Hemisphere, * are somewhat similar, yet 1
Onr source, for cxample, presen's

think their differences are more notable.
In an unpublished paper,

seasonal data. whereas the other has monthly data.
Salmela and Sissenwine (1858) have indicated significant differences between
mean vector winds computed for a season and for an inlividual montn in

that scason. A further check of this point could be made by comparing
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seasonal and monthly data in Volume 1 (1959) of a series of detailed machine
tabulations of upper air wind data for the United States prepared jointly by
the U.S. Weather Bureau and Sandia Corporation.

The military designer may well ask which of these documents may be
considered most reliable, The answer depends on the user's purpose and
on the statistical application he has in mind., Levels of interest, geographi-
cal coverage, period of record of the basic observations, accuracy of the
data-~these factcra must be taken into account in selecting the climatological

[ 1924

Beyond this, it is well to consider that the capacity for climatologiczal

input,
The United States

information in publish2d documents is physically limited,
weather services alone have produced, mainly by electronic means, de-
tailed upper air wind summaries for about 1000 locations throughout the
world, The more comprehensive of these contain between 100 and 200

sheets of frequency distributions per station, usually by months, and for
levels o sdine cases up to 10 mb (102, Ly ft), It is not only impractical,
but perhaps also undesirable, for reasons mentioned earlier, to attempt

to publish these data, Meanwhile, they serve as an indispensable working

file, to be consuilted in the course of finding solutions to specific design

€

problems.

The documents just referred to are all based on conventional wind
observations taken mainiy at 12~ or 24-hourly intervals by stations
oftentimes as much as 100 to 200 miles apart, Certain design problems
require knowing the manner in which wind varies in shorter intervals of
time and over shorter distances, There have been several special
observational programs emphasizing measurements at intervals of a few
minutes to several hours and over distances of a few miles to around 100
miles. Arnold and Beilucci (1957) published an excellent survey of such
data, and Ellssesser (1960) has made an even more comprehensive review,
Ellsavsser shows that in general the wind variability increases with the
time interval and with the horizontal distance, maximum variability being
indicated at an altitude near 30, 0CC feet, For titne periods less than 6
hours the wind variability is egsentially independent of season and latitude.

For longer time periods, the geographical and seasonal variations become
appreciable. A further dependence on synoptic situation has been clearly
deraonstrated by Erikeson (19561), in a thorough analysis of upper wind
structure as revealed by a network of Swedish stations taking approximately

hourly observations over a 4-year period.
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Other aspects of wind variability* that the climatolbgist might well
take into account are the rather systematic circulation reversals occurring
in the stratosphere and mesosphere. The manner in which wintertime
westerly winds are replaced by summer easterlies has been well described
by Flohn (1858), Belmont (1961), and others.

Even more arreating are the stratospheric wind reversals reported at
latitudes close to the equator. Here the reversals occur not seasonally but
approximately once a year, actually at intervals of about 10 to 15 months.

A highly detailed account of this phenomenon has been given recently by
Veryard and Ebdon (1961) of England; Reed (1961), McCreary (1961), and
others in the United States have also made detailed analyses. Reed's deg~
cription is perhaps the most vivid yet published. His data show alternating
bandg of easterly and westerly winds, progressing dewnward from the higheat
level of observation (30 km), at intervals of approximately one year (Fig, 1).
These bands are best defined near 25 km and bzceme evvalle near tne tro-
popause. MMcCreary has shown that this phenomenon is pregent as far as 20°
from the equator, and Veryard and Ebdon have gshown that it may be detected
to 30° N, although at this latitude the annual fluctuation is greatly dampened
and is partly obscured by the seasonal component.

The climatological significance of these annual circulation reversals
in the equatorial stratosphere is readily apparent if one is working with
upper-air wind summaries based on several years of observations. In these
summaries, the common practice is to combine all the observations of
different years into frequency distributions representing months or seasoas,
Such summaries would tend to combine easterlies and westerlies, without
showing the persistence of one or the other over periods of about ane year,
Also, a mean vector wind computed from these data would tend to have a
smaller value than the mean vector wind calculated for individual years,

*Thus far no mention hag been made of maximum wind specds in the
upper air or vertical wind shears. Wind shear hat been analyzed in various
published reports, for example, Dvoskin and Sissenwine (1058), Maximum
winds have been tabulated by the Air Weataer Service (1955), and by the
Weather Bureau in an unpublishcd machine compilation (NWRC Job 2201).
Special punched card decks documenting maximum wind speeds ( » 1C0 mph)}
and maximum wind layers have been maintained by the Weather Bureau
beginning with data in 1656,
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THE ATMOSPHERE ABOVE 100,000 FEET

Since air density decreases markedly with height, it would appear that
wind would not have the same effect on a vehicle {ntroduced into the upper
atmosphere as it would farther down. Rather high wind speeds have been
measgured in the upper atmospherc, however, especially in the vicinity of
60 km (about 200, 000 ft), so it seems appropriate to take these into account,
and to consider if the data now available may be viewed climatologically,

By 1953 some 50 or 60 sets of isolated wind measurements were avail-
able for the upper atmosphere., These data, obtained by a wide variety of
indirect observational techniques, were brought together by Miss H,
Kailinann-Bijl at a Conference on MMotions in the Upper Atmosphere

(Albuquerque) in 1953, and were later issued in published form (I.U,G.G.,

1954; Kaplan and Kallmann, 1957). In the period 1954-58, there was a

somewhat more substantial sample of data reperted in the lieralure,
consisting primarily of:
~, 30 wind profiles (sound propagation
mcasurements), at White Sands,

Churchill, Denver, Guam, and in
England

~s 50 missile measured wind profiles,
at Cape Canaveral

~ns 20 rocket chaf! wind profiles, at
White Sands, Tonopan, and
Johnsten Island

All these data refer to the perioc preceding the initiation of the
Meteorological Rocket Network in late 1958,

Since then the picture has
greatly changed,

In the 17-month period (Octcber 1939 through February
1961) close to 300 wind scundings were obtained--severn! times the number

of meosurements previously available. ‘The stations at which these soundings

were taken are, in order of decreasing number of observations: Point Mugu,
White Sands, Churchill, Wallops Island, Cape Canaveral, Holioman AFR,
Fort Greely (Alaska), and Kauai (H.T.).

Circuiation patterns in the upper atmosphcre evolved from pre-1859
data have been described by Pant {(1556), Murgatroyd (1257), and

Attmannspacher (1959), among others. By late 1960 enough new data from

the Meteorological Rocket Network had accumulated to allow a closer

cxamination of wind behavior to moderately great heights, Ratten (196!) has
drawn new cross sections of the mean zonal wind up to a height of 100 km.
Keegan {1961} has presented syvnoptic examples of wind distributions to a
heigh! of 55 km. At New York University, Bruch and Morgan (1961) have

made a valuable statistica! compilation, using data through September 1960.
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Their report includes values of the mean u and v components of the wind by
months and seasons, at heights from 25 to 80 km, along with data on e
variability of wind in periods of 1 to 3 days, and data on vertical wind sheara,
Data for eight stations of the rocketsonde network are presented. A maxi-
mum of wind speed occurs at around 60 to 70 km, somewhat paralleling

the maximum at jet stream level in the troposphere, Occasional westerlics
> 200 knots in winter and easterlies > 100 knots in summer have been
noted. The region 60 to 70 km, incidentally, is aisu the region of maximum
air density variability described in a recent report by the author (1961),
Further analysis of maximum winds and other aspects of wind behavior in
the mesosphere may be expected as more data are acquired Ly the rocket~

sonde network.

SUMMARY

Great progress in wind climatology has been made at practically all
levels of the atmosphere but certain deficiencies are still apparent, At
levels between ihe surface anermometer height and the first level of upper
air wind observations, our knowledge of wind behavior is far {rom complete.
The increased usc of towers for micrometeorological observations 1s a
welcome trend. Modified pilo balioons for taking more detailed wind
measurements in the first thousand fcet of air could also provide useful
data.

In the region of the middle stratosphere, above 50 mb (68, 000 ft), the
existing climatological coverage is poor, especially in the southern hemi=-
sphere. For the northern hemisphere, at lcast, the availability of synoptic
materials to 10 mb will undoubtedly lead to a better definition of the
climatological wind patterns., A deficiency may persist in the case of much
of Eurasia as long as we must depend on the radio broadcast version of the
upper air data. As was pointed out earlier, the Soviet IGY upper air data
reccived on microcards reached higher levels, but thcse data are for a
limited period.

At mesospheric levels, the frequency of wind soundings reaching
nigher than 60 km (200, 000 ft) is low, Increased coverage is needed for
the upper mesosphere and especially for the region just above the mesos-
phere ((» 80 km), where indirect observational methods--~for example, the
sodivm cloud trail technique (Manring and others, 1961)--~have indicated
erratic wind distributions and large vertical shears. Geographically, the
ex1sting coverage i3 limited mainly ¢o the North American area. Equatorial

latitudes are poorly represented. Finally, since the wind data avaiiable
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fror; foveign rocket observational programs are few, the longitudinal span
of wind coverage ig also limited, These deficiencies, however, perhaps
seem minor in the light of the tremendous progress made in recent times
and the promise of further advances in chservational techniqueas,
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Applying Statistical Representations of Wind

ARNOLD COURT

GEOPHYSICS RESEARCH DIRECTORATE
AIR FORCE CAMBRIDGE RESEARCH LABORATORIES

ABSTRACT

intticulties in the gtatistical description of wind, arising from its inherent
vector nature and the difficulties of measuring it in the free air, are dis-
cussed, Means and standard deviarions of components, their correlations,
and resultant winds all are slightly underestiinated in computations based
on compaients derived from winds reported originnlly hy speed and direc-
tion. Interpretations of time and space correlations of wind are discussed,

INTRODUCTION

Wind is the motion, in three dimensions, of air, This innate vector
property makes wind much more difficult to measure, study, describe,
and predict than other meteorological variables, Some of the difficulties
in the description of wind vectors, and in applications of such descriptions,
are the subjects of this paper.

Ver:ical motions o!f the atmosprherc are, on the whole, one to three
orcers of magnitude smaller than herizontal motions. They may be neg-
lected for most practical purposes, such as acrospace vehicle design.

The present discussion, therefore, considers imotion in only rwo dimensions.

Near the surface of the earth wherce fixed supports are available, wind
is measured by the passage of air over such a fixed point, or by the prec-
sure it exerts. Henee, variation with time at a single point,
variations with distance. can be swdied separately, But in the free air,

or simultanecus

without fixed supports, wind is measured by motion of something moving
with the wind relative to a fixed point on the ground. Errors arising from
taiure of the balloon to {ollow the wind, and from the equipment used to
track the balloon, will be discussed in other papers, In this paper, only
certain computational errors are considered,

Because all mmeasuremeants of wind in the free air are made from ob-
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jects moving with or through the wind, no direct information is available
on the variation of wind with time at a fixed point in the {ree air, Nor are
truly simultaneous measurements possible of the wind epeed at two pcints
a given distance apart. In fact, none of the routine wind observatioas
apply to a fixed point or a given instant; all are derived from balloon (or
other) displacements, over intervals of time ranging from a few seconds
to several minutes, and consequently are averages over that time period
and over the space covered by the balloon during that period.

These basic limitations of the available wind information must be
iemembered by ail who would compile and apply wind statistics. They are
not especially inconvenient for the ordinary moments, the means and
standard ceviations of components of the wind for a given height interval
in the general vicinity of an observing station, But these inherent limita-
tions become progressively more restrictive as the observations are used
to try to describe the simultaneous behavior of the wind in the vertical or
the horizontal, or the wind variations over short ‘ime intervals,

Various tricks can be used to infer sirmultanecus space variationg and
single-point time variations of wind from the available information. Some

of these will be discussed in other papers.

TRANSFORMATIONS

Whether it is measured by an instrument at a fixed point near the
earth's surface or by an object (balloon) floating or rising through the free
air, wind usualiy is reported in polar ccordinates by direction and speed.
But summaries and averages require conversion to rectangular (Cartesian)
coordinates, causing difficulties in the statistical description and intro-
ducing biascs intn the means, standard deviations, and correlations,

The change from polar to rectangular coordinates, ot vice versa,
requires a transformation of the frequency distribution from one system
to the other, Rectangular coordinates are an easier starting point than
polar coorcinates for discussing the general nature of bivariate frequency
distributiors.

Conveniently, each componrent of wind usually is assumed to have a

normal, or Gaussian, distr:bution, This assumption seems to be generally

accep:able, especially since no useful alternative exists. If the two com~-
ponents each are normally distributed, together they have a bivariate
normal distribution, Such a distribution has five parameters or constan's:
the means and variances of the ‘wo components, and their correlation.
Unless bolh compornent means are zero, that is, the distribution is
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centered at the origin, probabilities for specified portions such as circles
of various radii cannot he evaluated directly, But graphs and tables for
approximate evaluation have appeared in recent years,

Expression of this same distribution in polar coordinates is more
complicated. The distribution of wind speed from any specified direction,
that is, from some compass sector or from a:l directions combined, cannot
be expressed directly; it involves an {ntegral which can be evaluated only
as a Bessel function, Despite this fact of mathematical life, many attempts
have been made to describe the distribution of wind speeds by a gamma
distribution (also called Pearson Type III}). This would be the proper
distribution i{f the components each had normal distributions with zero
means, But since winds rarely average out to a mean of precisely zero,
the gamma distribution doesn’t provide a -ery gocd {it to observed wind
speeds. On the whole, more satisfactory results are obtained by working

XX - 2R -]
with components,

BIASES

Certain biases result when component meansg, standard deviations,
and correlations are computed from wind observations originally recorded
by direction and speed. The difficulty is that the individual observations
might have been recorded to the nearcst degree, but usually have been
grouped into sectors before averaging. The wind component means, hence
the resultant wind, computed from observations grouped 1nto sectors
undercstimates the irue resultant (and its standard deviation) by an amount
that increases as the distribution of winds becomes raore and more

asymmetric. For symmetric distributions, the correction factor is
gin ¢ / ¢, when the angular width of each sector is 2 ¢ .

When sectors are only ten degrees wide, so that the circle is divided
into 38, no serious errors result from averaging.
percentage error in the resultant is:

For wider sectors, the

Number of sectors: 18 186 12 8 6 4
Sector width, deg: 20 224 30 45 60 90
Resultant error, %: 0.51 0.65  1.15 2.62 4.72 11.07

Actually, these are minimum values, applicable when the basic wind

distribution is symmetrical, or neariy so. The values increase with

increasing asymmetry, but not very rapidly. Hence, components and
resultant winds obtained from grouped data, and the standard errors of

such components and resultants, should be increased by the indicated per-
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centages to provide unbiased estimates of the true resultants and their
variabilities.
An opposite correction is required for the standard deviations before

The standard deviation computed for each compouent, from

this increase,
It

data originally reported in polar coordinates, is a slight overeatimate,
should he reduced by an amount proportional to the mean square of the
other compenent, The proportionality factor again increases with sector

width.

The net effect of these two opposite correctionas for standard deviation
varies with the windiness, At! places and levels where winds are pre-
dominantly zonal{west or east) and the meridional (north-south) compcenent
almost zero, the uncorrected standard error of the zonal wind is about as
much an underestim..? a3 is the uncorrected rzsultant, bu* the standard
crror of thc meridional componeut ie subject to two almost equal correc-

tions. This still leaves the sc-called 'stardard vector deviation' under-

estitnated by one or :wo percent,
Finally, the true correlatiocn between the two components is also
underestimated by the correlation computed for the components obtained

by transforming from polar coordinates., The sample correlation should

be increased slightly be adding an amount depending upon the means of the
two components and the sector half-width ¢ , and then multiplied by

another factor also depending upon ¢ . These two corrections increase

the sample correlation coefficients by 3 few percent.

Most of the biases yust discussed were found and explained by Dr.

Robert Read of the Universities of California and Chicage when he was
working on a rescarch program for the Office of Civil and Defense Mobiliza~

tion at the University of California. He has shown that statisticg for wind

components, derived initially from winds reported by speed and direction,

ave all biased. In gencral they should be increased by a few percent, This

applies to component means and standard deviations,. resultants, and to

intercumponent correlations, However, it does not apply to time and space
correlations; that is, the correlations between wind component and the
samo component (or the other compoacnt} at a different level, different
place, or different time, Bu! such currelations do reguire other correc-~ |

tions.

CORRE LATIONS

Several vears ago, when | was a consuitant and contractor to GRD-
AFCRL, [ studied the correlations of wind componentg at various lavers
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in the atmosphere. From tabulations provided by the Air Weather Service,
I extracted the statistics pertinert to such study for seven places and
arranged them in a compact form, which has been used since by other
groups and is farniliar to most people concerned with vertical wind struc=-
ture. Seasonal tables for some 60 stations have been compiled, as by~
products of other studies, by the Air Weather Service's Climatic Center.
Recently William W, Vaughan of NASA's Marshall Space Flight Center
published monthly tables for siv statisnz, froin IManama to Berlin (NASA
Ty D-561), which are the most detailed and complete available at present,
In none of these tavulaticnsg have the component means and standard

deviations, and the cross=component correlations, been corrected tc allow
for grouping bias, Read's study offers corrections for one widely used

set of wind statisticg. These are the once-per-day, serially coniplete
wind records, originally compiled for the Federal Civil Defense Admini~«
tration by Ben Ratner of the Weather Bureau, and analyzed in detail by
Bernard Charles, then with Sandia Corporation,

The Lasic wind data used in this study had been grouped irto 16
sectors, each 22-1/2 degrees wide, before averaging. Read's stucy
showed that the component means and resultants should be increased by
1.3 percent, the standard deviations by varying amounts, and the cross=-
component correlations by 1 to 5 percent. He also showed that serial
correlation causes the standard errors and all correlations to be under-
estimated by a few percent,

All tliese corrections and limitations are important to users of wind
statistics in any form, including interlevel correlations., They show that,
besides the deficiencies introduced by short records, missing data, errors
of observation, and so on, the mechanics of computatios cause serious
uncer‘ainties in the final statistics, Although most of the correlation
tables offer three significant digits, the third is certainly not correct,
and little reliance can be placed on the second one,

One consequence of these uncertainties concerns theoretical and
empirical expressions for the manner in which the corielation between
wind components at two levels decreases as the separation o the levels
increases, Until more precision can he given the correlations calculated
from available observations, none of the proposed models can be tested
adequately, In the meantime, rather crude empirical expressions, such
as those cffered by Dr. Adam Kochanski (Journal of Meteorology,
18:151-159, April 1961), may be just as good as more elaborate inethods,
such a3, for missile response computations, use of the square root of a
mat:rix of uncorrected correlations.
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Similar reservations apply to many other uses of wind statistics.
The techniques of sampling, observation, and computation all introduce
errors and biases so that the published figures are deceptive in their
apparent precision, As other papers will indicate, each of these sources
of error {8 under attack, But improvements in accuracy come slowly,
and for the present the user should not place too much trust in the accuracy

of the available atatistice on wind,
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Some Comments on the Ellipticel Distribution of Wind Velocity

LEDOLPH BAER

GFORGRE W, ROSENMTIIAL

MISSILE SYSTEMS DIVISION

LOCKHEED MISSILE AND SPACE COMPANY

ABSTRACT

Many of the meteorological problems in the aerospace industry require quiex
answera from general-purpose statigtical summaries. Tables such as those
published by Crutcher (NAVAER 50-1C-535) show that the digtributions are
truly elliptical as opposed to the easier-to-work-with circular. Recent publica-
tion of tables of the elliptical normal distribution allow & more exact inter-
pretation of these summaries. Comparigon is made between the results
obtained under elliptical, eircular, and univariate assumptions,

Large masges of wind data needed to set aerospacc design requirements
have been complied in recent years. Much of thege data have been reduced
for mpecial problems; however, many problems arigse that must be answered
quickly, cheaply, and relatively accurately. This is facilitated by general
purpose statistical summaries such as that published by Crutcher (1959%), who
presents enough informsation to compute the wind speed that occurs at any
given probability assuming elliptical normality. This type of summary will
give erroncous answers If the true wind distribution i8 not homogeneous and
Gaussian such as occurs in a sea breeze reglon. In the upper air, except
near the tropopausge, the assumption of the elliptical normaity is good for
mosti geographical areas. Even whevc the assumption of normality is not
valid, no general approach is yet available that is any better than ¢computa-
tions based on the elliptical assumptions.

The purpose of this papor is to discuss the methods for using these
general summaries. Four approaches have been uged or advocated. Thege
are compared in Table 1 for several examples,
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TABLE 1

Comparison of the radii (in terma of o‘x) for various disttibution
agsumptions#

PROBABRILITY OF OCCURRENCE

S T A T AT TS WY AR T AR R S e Vo T AN O K i S

0.50 0. 75 0. 90 0.99 Condition
1 Eiliptical 1.18 1. 66 2.15 3,03 By =0
2 Circular 1.18 1,66 2.15 3,03 Ky =0 A
3. 'Upper Limit' 1.18 1,066 2.15 3,03 oy =
4. Undirectional 0.67 1. 15 1.64 2.58
1 Elliptical 0.93 1.35 1.79 2.67 By = 0
2 Circular 0.97 1,37 1.77 2,50 By =0 B
3 'Upper Limit: 0.97 1,37 177 | 2,50 | oy = 0,60,
4 Undirectional 0.67 1.15 1. 64 2.58
1 Elliptical 0,71 .17 1, 66 2.58 By 2 0
2 Clrcular 0. R% 1.20 .88 | Z2.1i8 By - U c
3 'Upper Limit' 0.85 1.20 1. 55 2. 18 [ 0. 20,
4 Undirectional U, 67 1,15 1,64 2.58
1 Elliptical 2.3¢C 2,94 3,63 4. 55 px = 2,00y
2 Circular 2,30 2.94 3,53 4. 5% By = 0,50, D
3 "Upper Limit 3.24 3.72 4.21 5. 09 o'; =0,
4 Undirectional 2,06 i 2.73 3,34 4.39
1 Elliptical 2.18 2,80 : 3.39 4,41 By = 2.00’x
2 Circular 2,22 2,76 | 3,24 4,C9 By = 0. 50y £
3 'Upper Limit! 3,47 3,87 | 4.27 6,59 ay = 0,60
4 Undirectional 2. 06 2.73 3,34 4,39
1 Ellptical 2.06 2,73 3.33 4,37 By = 2,00,
2 Circular 2.18 2.66 3.09 3, 81 by = 0.50, |
3 Upper Limit' 3,71 4,06 4.4] 4,68 d‘; = 0,20,
4 Undirectional 2,06 2.73 3.34 J 4,39
iy = mean of the marginal distribution parallel to the major axis of the ellipse.
¢, = mean of the marginal distribution normal to the major axis of the ellipse.
oy = standard deviation of the marginal distribution parallel to the major axis.
Oy = standard deviation of the marginal distribution normal to the major axis.

The 'best'estimate {2 ghown on the firs! line of each section of the table,

The word 'best' is used because this was computed from tables of Rosenthal

and Rodden (196!} allowing each component mean and standard deviation to
vary independently. Of course, if a real case is not truly normal, neither

*Values shown arc extracted from the tables of Rosenthal and Rodden
(1961), Vitalis (1956), and Burington and May, {1953).
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this nor sny other approach discussed is correct, These tables were com-
puted at Lockheed becauge no other were available, Severa! others (Germond,
1949; DiDonato and Jarnegin, 1960; Lowe, 1360)have had similar but non-
meteorological problems and hav» independently computed tables so that some
choice {s now available, These other tables do not cover all the range of
probabilities required,

The second Line of each section of the table shows the speed associated
with the various probabilities under the 'circular normal assumption.' This
approach assumes that the variances in the two component directions are equal
and independent such that

252 = °x2 + cryz
where @ is a mean standard deviation equal to I,/“ﬁt{mes the standard vector
deviation of Brooks and Carruthers (1953), For case A gshown at the top of
Table | the first and second lines are {dentical, but ag the ratio of c'y to o'x
decreaseg, and the probability increases, the circular assumption gives
poorer and poorer results. At 99 percent for p, = By ° 0 and where 7, /ﬂx =0,2,
the eircular assumption is shown to be 0.4 o'x too amsull, & difference of over
15 percent!

The 'upper limit' of the wind distribution has been spoken of ag synony-
mous with the upper limit of the circular distribution:

Pr [.xf_(u'l-l(a')] =a
whevre K 18 found by assuming g = 0 and circularity, This 'upper limit' is
shown in the third line of each section of the table. In the first three gections
where the means are zero, line 3 is identical to line 2 and, of course, has the
same 15 percent error when Gy/dx = 0.2. At nonzero values of the mcan this
vatries--even going to the opposite extreme when o’y« 0',t For conmiparison,
similar values are shown for a one-dimensional distribution based on the
standard deviation of the major axis component as if {t were oriented along the
resultant mean,

In conclusion,for a truly elliptical normal distribution of winds, assump-
tiong of circular normality arc dangevous unless the ratio of o‘v to o'x ir near
unity, Also, note that the errors are always biased in the same direction,
Perhaps it {8 worth pointing out the 0’x and g, uged here must be for independant
components, If there is some correlation between the original components
studied, then the axes must be rotated until they are independent before making
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the test.® Some summaties, such as that previously referenced (Crutcher),
have already votated the axes. The most important parameter missing from
guch summaries is some measure of the normality of the component distribu-

tions.
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«The rotated means and variance can be given gimply for a right-handed
coordinate system as follows:

2

Letpy, and Hy denote tiic nicaus, and % and dv‘ denote the variances

with primes dencting the valucs after votatiom
then By ® Hy COB e + py &8in

u},,= Ky sin 8 *“y cos 8

2 2 [ a2 2,2
2 2. % T (%%~ 9 2
and 0t f: 2—dot V|2 _J 1 +(5q0)
y 2 ) 2 ! X ¥
| -2p o
where @ = 1/2 arclan | — x»-v"—-}
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Surface Wind Observations and Anemometry

RUSSELL M. PEIRCE, JR.

GEOPHYSICS RESEARCH DIRECTORATE

AIR FORCE CAMBRIDGE RESEARCH LABORATORIES

ABSTRACT

The mnajority of pregent climatic wind aurveye ere kaged on the atandard
hourly weather obsevrvations made at Weather Bureau and military instsllations.
Studles of gustiness, the calculations of gust factors, and the determination

of risk quantities for the return of certain wind velocities during a given pericd,
all based on these observations, are of meteorological interest to the designer
of missile and launch pad stand-by facilities. Electrical and mechanical charac-
teristics of present wind measuring equipment, particularly Wind Measuring
Set AN/GMQ-11, are discussed and limitations are noted, Characteristics of
equipment currently undetr development, as well as that contemplated for future
development, are also discussed,

Perhaps more than any other meteorclogical parameter, surface winds
vary greatly with time and location. In addition to the internal perturbations
such ag cyclonic ard anticyclonie systems, fronts, squall lines, etc., effects
such as thermal stratification in the lower layers, surface frictional effects
and local topography contribute to the varying nature of the surface winds.
Tabulations of wind direction and speed, averaged over five-minute periods,
comprise the bulk of climatic data currently available. Since these values wiil
be exceeded no more than half of the time, extrapolation beyond indicated
limitations is cxiremely rigky. As it is neither feasible nor economical to
design a vehicle to be launched under extreme wind conditions, it behooves
the design engineer to adopt a philesepay in which stand-by and launching wind
design eriteria are geparated; furthermore, applicable local meteorological
records should be utilized in establishing acceptable calculated risk quantities,

It must be recognized that various types of instrumentation with different
mechanical and electrical characteristice, are st{ll being used to obtain climatic
information, The characteristics of the aerovane type of wind instrument used
at most military sites vary from those of the three-cup anemometer used by
the Weather Bureau. These different characteristics yield data that cannot be
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properly correlated, Since both of these units have their limitations, develop-
ment is eurrently underway for improved equipments having greater accuracy
and the capability of operating under more severe weather conditions.

A vehicle and its associated ground support equipment, during a stand-by
period of perhaps many years, would be damaged hy the wind if it were designed
to withstand the launch wind with only an acceptable calculated rigk, To elimi-
nate the effect of wind on a vehicle in the gtand-by condition, attention must be
given to the extremecs of dynamic pressure caused by peak gusts superimposed
on a strong wind, Rapidly an:plifying self-induced vibrations can also develop
when the vehicle is exposed to a steady wind of moderate gpeed, Thus, in the
design of a vehicle and launch area facility for a given stand-by period, a
knowledge is needed of the change of wind speed with height in the first 300
feet of the atmospheve as a function of the speed at anemometer height,
Dependirg upon gust size with the downwind dimension of tire venicle, gusts
can excrt sufficicnt shovi-teivun differential wind loading to damage or destroy
a structure even though steady winds may be well within desig: limits,

Mnet climatic data available at present is obtained from standard U, S.
Weather Bureau and military hourly weather observations. Wind speed and
direction values are obtained from ancmometars located at representative
sites as far from surrounding obatructions as possible, The average height
of the sensor at Weather Bureau installations is twenty feet, and at military
installations, thirteen feect. Reported wind speed and direction valucs are
obtained from either direct reading indicators ov stripchart recorders. In
the former case, readings are made by observing and reporting the average
wind speed and direection occurring in a onc-minutc period; an averaging
period of five minutes {s used when values are obtained from the recorder,

In addition to wind speed, the peak gust (highcst speed momentarily indicated
without regard to duration) {s also reported and appears in standard clima-
tological records, This value is taken directly from the instantrneous trace
on a recorder. The reported winds represent only an average, and con-
scquently are excerded less than haif of the time, a fact that must be taken
into consideration in the dosign of launch pad stand-by facilities,

Climatic data gathcved In this manner, as well as data collected in many
special studies, have yielded results of significant interest to the missile de-
signer, It has beer found that at any given time the vertical change in wind
direction in the lowest 300 feet of the atmosphere is negligible, particulariy
when the overall airflow is strong and the location is free of major obstructions,
The variation of mean wind speed V at height z, when the mean wind speed at
the anemometer level is known, can he approximaied by one of the following

analyvtical expressions:
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Simple Power Law:

Ve 2? (1
Generalized Power Law: )

v~ ((z+zo)l'b-zol'b](l-b) )
Logarithmic Law:

V~ log (1 +2/2) (3)
Extended Logarithmiec Law:

v~ log (1 +z/z°)+f(z, Vi, T') (4)

In thege expressions a and b are constants; 2z, i8 a length known as the surface
roughncss parameter, and f(z, Vi T') is an analytical function of height, wind
gpeed and the mean vertical temperature gradient at the reference level, The
derivation and use of these expressions have been dealt with more extensively.l-

Thera is evidence that the exponent a appearing in Eq. (1) 18 a function
of topography and thermal stratification of the layers n2ar the surface and dis-
tance above the ground, as well as the oversall air flow, Its value over rough
groundor at heights near the ground is greater than that over relatively smooth
ground and at greater heights. Excluding cases of intense surface heating or
cooling and weak overall air flow, the numerical value ofg may be chosen to
equal 0,20 as a good approximation. In computing wind profiles near the
earth's surface, the simple power law ig permissible only for crude estimates.
Much of the error incurred through the use of this expression can be eliminated
by use of the generalized power law and the logarithmic laws, because they
have the advantage that the dependency on terraln features is Incorporatad in
the z term.

It has been found that the exponent b appearing in Ea. (2) depends pri-
marily on thermal atratification, and to a degree on height above the gurface,
For ncutral conditions {that {s, T! = 0), the value of b iz unity, Although the
benavior of b and the analytical function appearing in Eq. (4) are not well
known at levels above 30 feet at the present time, it has been ahowns' 6 that E
can be computed by combining Eqs. (2) and (4). For relatively strong air flow,
it is known that intense surface heating or cooling causes only a small deviation
of thermal gtratification from the neutral. In such cases, the logarithmic law
might repregent the true conditions with a velatively high degree of accuracy.
Mean numerical values of the a and b constants, determined from information
gathered during the Great Plains Turbulence Field Program and other gources,
are presented in the Geophvrics Research Directorate's Handbook of
Geophysics, 7
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If vehicles must be in a stand-by condition for any length of time in ex-
ccptionally windy areas, the designers and operators of the vehicles and
related support equipment must take into account the gustiness of the wind
which appears as fluctuations on a continuous trace of wind speed over a period
of time, Gustineas varies with exposure and location, surrounding topography,
characteristics of the upwind trajectory to a length of approximately fifiy times
the anemometer height, mean wind speed and vertical temperature gradient.
However, rclatively few weather stations record wind speed data with sufficient
accuracy to pevmit & detailed analysis of the interrvelationship of all factors.

Gustiness 18 referred to {u lerms of a gust factor or the ratio of the peak

sl d el R n Lok mny e e e
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wind speed for a given duration to the mean wind speed fer a five-minute
averaging perviod, Variations in eithev gust duration or length of averaging
period will directly affect the numerical value of the gust factor, The shorter
the duration of the peak speed and/or the longer the averaging period time

values of average gust factors for various wind speeds and gust durations,
based on the works of Deacon?, Carruthers8 and Sherloek?s 12 are presented
in the Handbook of Geophysies?, Their work also indicates that there is no
real variation of gust factor with mcan speeds greater than 30 knots. Data
available at present point toward the fact that gust factors for peak wind gpeeds R
of two-second duration, obtained during the five ~-minute averaging period and
from Instrumentation located at a height of approximately 20 feet above the
ground, remain nearly constant at 1.5 for increasing winde between 20 and 50
knots, Consequently from a design viewpoint, the 20-foot, five-minute wind
speed averages should be multiplied by 1.5 to arrive at the wind criteria ap-
plicable for stand-by and launching conditions in the windiest area of North
America.
The variation of peak wind speeds with height in the lowest 300 feet of the
atmosphere i8 probably more closely related to gust duration than any other
parameter, For relatively strong mean winds, gusts of s few geconds' duration
arise primarily from surface frictional effects on the wind flow; gusts of a
minute's duration arise primarily from intetnal perturbations in the air flow
(vortices with vertical axes, miniature cold fronts and other thermal effects).
Short duration gusts show a greater variation with height in the lower atmos-
phere than long duration gusts., The sparsc data currently available confirm
the fact that instan‘anecus peak gust speeds increase with height at a subsatan-
ially slower rate than mean wind spceds. As a result, gust factors show a
glight decrease with height,
Calculated risk wind epceds, based on information gathered fraom standard ’
climatic records, must be included in the design of vehicles and support equip-
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ment for use at preselected sites. These values will give the designer a
predicted probability of the nonoperability of the equipment for periods from
two to a thousand years, For example, if a miasile in its launch position is
congidered as a continuously exposed, semipermanent structure with a life
expectancy of 25 years, and a 10 percent riak that it will be destroyed by the
wind during that period is acceptable, then the dormant vehicle and assocfated
ground equipmcnt must be designed to withstand a wind extreme that hes an
expected raturn period of 232 years, For land arcas other than midlatitude
coastal and mountain areag, calculations indicate that a steady wind of 60
knots at the ten-foot level will be applicable to this risk. If the design muat
also include these exceptionally windy areas, then the wind speed applieable
to the same calculated rigk and life expectancy is 75 knots. Often auxiliary
tie-down kits or structures can be developed for military equipment assigned
to th-g2 areas 80 as not to increase production costs of the vast inajority of
equipment that will be used in areas of light winds. These guxiliary tie downs,
if vchicles are to stand by in exceptionally windy areas, ghould be designed to
withstand gusts of 120 knota gince the five-minute wind speed with a raturn
period of 232 yeavrs 18 75 knots. DMaps and tables of calculated risk steady
wind speed at the ten-foot level have been preparad for much of North America
and methods of obtaining values at other heights have been determined and
reporied, 7
The next logical step iz to examine the configurations and characteristics
of the instrumentation with which such data is ubtained. Data obtained at
U, S. Weathcr Bureau sites {s taken trom the three-cup anemometer, whereas
a majority of wind speed and direction measurements made at military inetalla-
tions are obtained from the Wind Measuring Set AN/GMQ-11, This set is a
permenent ingtallation providing visual and racorded indications of wind
spe:ds from 0 to 240 knots and direction over the full 360-degree range. The
trensmitter (see Fig. 1) Is an aerovane unit composed of a three-bladed
impeller mounted on the noge and a vane tail to keep the unit facing {nto the
wind, The streamlined tail surface rises above the support and prevents
overswinging and underregistering which would occur if the unit were not
normal to the wind. The impeller {8 directly coupled to a tach generator and
turns at a spred proportional to wind specd. The generator produces a linear
DC voltage output proportional to the wind speed. As the transmitter resgponds
to wind shifte, a sBynchro vertically mounted in the vane directly above the
mounting stud ereates a voltage unbalance in the system. The gignals are
transmitted by cable to a voltmeter and synchro receiver located in an indi-
cator (Fig. 2), The voltmeter scale is calibrated from Q to 120 knots, The
receiver hasg B scale calibrated from 0 to 360 degrees. A recorder (Fig, 3)
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with the same input signals provides a permanent record of wind speed and
direction. A range doubling awitch is provided to meet the 240-knot require~
ment,

The configuration of the set is variable and can be adapted to many
situations. By the sddition of & solid-state amplifier assembly, the aignals
can be amplified such that up to ten separate transmitters and any combination
of eight indicators and recorders may be used at & single inatallation. A
remote transfer selector awitch allows the signals from any transmitter to be
displayed on all indicatora and recorders in the system simultaneously,

The transmitter, normally remoted from the readouts, is mounted on
a thirteen-foot mast in an area frce from obstructions, At most missile
{nstallationa, a collapsible, lightweight crank-operated TRI-EX tower {g
being installed in the vicinity of each launch pad. This tower ig capped by a
fen-foo! . igid conduit and, when fully extended, will provide a 62-foot mast
for the tranemitter. This type of mounting places the transmitter above many
of the thermal and aurface frictional wind effects encountered in the firat 50
feet of the atmosphere. Thig provides both the designer and operator with
more representative wind data at the launch pad. It must be remembered,
however, that gust factors and calculated rigk charts presently used are
based on data obtained from an average ten-foot obgerving level,

The wind speed readings are accurate to plug or minug 1. 5 knots i{n the
3 to 40 knot range; plus or minus 3 knots from 40 to 120 knots; and plus or
minus ten percent of any reading above 120 knots. A wind speed of 3,4 knots
{8 vequired to start the AN/GM@-11 transmitter; stopping speed is 2.4 knots
or less, Tests made by Mazzarella“ with seven aerovanes at the Brookhaven
Laboratories showed an average starting speed of 1. 5 knots and a stopping
npeed of 2,1 krots., It should be noted that both these speeds are not only
relow the design limits but also in opposition to the expected condition,

Asg {s expected in this type of system, there are two major sources of
error, Mechanical errorsg are caused by wear over a period of time;
electricsl errore can be raced to a lees-than-standard voltage output from
the transmitter and the failure of electrical components, Singe the AN/GM@-1!
system is in use throughout the world, many transmitters are directly
exposed to severe weather conditions, In arctic regions, ice loading imposes
wevere operating restrictions on the accuracy of readings and often damages
the transmitter.

The most important characteristics of the tranemitter are {ts apeed of
response, damping coefficient and lag coefficient, The gpeed of response is
defined aa the time required for a transmitter and indicator or recorder
combinatijon to reach a value of 0, 63u where u is any given wind apeed in
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knotg, The transmitter's response to wind shift is one of periodic damped . . ’
oscillation described by a cosine function with phage displacement elimina- ‘
ted!i. In this cage, the displacement after t seconds ig directly proportional ‘
to the product of the initial angulac displacement raised to a power term con- |
taining the damping coeffieiert y and cos wt; it has been determined that the
dampling coefficient for the transmitter is approximately 0.042, The lag
coefficlent has been found to he approximately one gecond in a t2-knot wind
and cne-half second in a 36-knot wind.
A recent survey of the manufacturers of commerecial wind equipment
wag conducted by the Meteorological Developmnent Laboratory in an effort to
find a lightweight replacemenl fo4 tie existing tactical wind measuring set,
the AN/GMQ-1. The survey provided information concerning a commercially
available transistorized portable wind measuring system, It is believed that
thie svetern is a follow on to the Signal Corps AN/GMQ@-12 rquipment but ig
more rugged and is capable of measuring wind speeds up to 90 mph, This
set is currently undergoing redevelopment for use as an Air Force tactical

item. 1t can be used in both air drop operations and as a semipermanent

installation.
The set measures wind speed and direction at & remote location and

transmits this information to 2 translator and power supply unit where the .
received signals are displayed on two indicating meters. A vecorder can be
attached should permancent records be desired, The wind speed transmitter
of the sct consists of an inertialess transducer using the light chopper tech-
nique, The wind scnsor is a lightweight plastic, three-cup anemometer;
wind dircction is dotermined by a selsyn driven by a lightweight plastie vane.
Tre gensors are attached to a crosgsarm which can ke mounted on any tower
or mast; however, a standard thivteen-foot mast is provided as part of the
sot; this svatem is powere:d by gelf-contained bettcries and/or a 115-volt
80/60-cvele source; the accuracy of the sysiem can be maintained without
the addition of extra amplifiers chould the sensors be located &t any distanee
up to 10, 00 feet from the translator and power gupply unit,
The wind speed sensor of the commercial unit has an accuracy of plus
or minus one perceent of true speed or 0, 15 knots, whickever g greater, and
a threghold speed of 0, 75 knots. The accuracy of the wind direction sensor
is plus or minus ‘hree degrees with a threesheld specd of §, 75 knots. 'L'he
avorape transient weemnrco time of both scnsors ie C, 125 seconds in winds
at or greater than one knot. These same accuracies and response time values
wili be maintained in the military version of this set,
As more launch facilities are constructed in regions subjected to severe
winter weather and the need for surface wind data at these locations increases,

greater demands will be placed on surface an2mometry and the data obtained .
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therefrom. In anticipation of these demands, geveral commercial firms are
currently developing various types of sonic anemometers which, it is hoped,
will have greater accuracy than any of the existing equipment and will be
particularly suited to conditions of severe weather as there ave no exposed
maving parts, Although it may be some time before the physics of the system
are developed and operational anemometry are built, this type of equipment
may be the answer to accuracy and continuous operation, regardless of
conditiona, that the designer and operator of migsiles and space vehicles

need,
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The Low-Level Jat

YUTAKA [ZUM]

GEOPHYSICS RESEARCH DIRECTORATE
AIR FORCE CAMBRIDGE RESEARCH LABORATORIES

ABSTRACT

The 1428-foot televigion tranamitting tower located at Cedar Hill near Dallas,
Texas, and mounted with inatruments to make continuoug meagurements of
wind and temperature at 12 levels from 30 feet to 1420 feet above ground, is
proving to be a useful research tool for investigating low-level meteorological
phenomena, especially the low-level jet. During the night of February 22-23,
1961, a pronounced low-level jet was obgerved., A detailed account of the
orderly growth of the nocturnal jet, the accompanying temperature profiles,
and the maximum wind speed and ghear attained will be discusged.

INTRODUCTION

A 1428-foot tower located at Cedar Hill, Texas, approximately 20 miles
south-sgouthwest of Dallag, 18 serving double duty as a television transmitting
tower and as the world's tallest meteorological regearch facillty. The tower
is owned jointly by KRLD-TV and WFAA-TV of Dallas and the ownetra have
generously permitted the use of the tower facilities at no cost to the govern-
ment. Structurally, the tower is triangular in cross gection, 12 feet on a
side, is topped with a triangular superatructure 75 feet on a side, and steadied
with extensive guying. The tower ig equipped with a 2, 000-1b capacity elevator,
The total height of 1521 feet, including the television antennag, is about 50
feet higher than the Empire State Building.

The meteorological system at the tower site wag designed, asgembled,
and installed by the £lectrical Engineering Regearch lahoratcry of the
University of Texas under contract to the Air Force Cambridge Regearch
Laboratories with a portion of the cost of the equipment provided by the U. §,
Army Signal Research and Development Laboratory, The system {s designed
to obtain continuous measurements of wind and temperature at twelve levels
on the tower. The levels of observations are 30, 70, 150, 300, 450, 600,
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750, 900, 1050, 1200, 1300, ard 1420 {eet above the ground, Measurements
and recordings of the variables are done automatically. The entire meteoro-
logical system has been previously described, !

The principal objective of instrumenting auch a tall tower is the invesii-
gation of a striking phenomenon in the lower portion of the atmosphere--the '
iow-level jet, This jet is described as & gharply defined maximum of wind
speed occurring at heights of 800 to 2000 feet above the ground with extremely
high values of wind shear below the level of maximum wind speed, Low-level
jets have been observed on numerous occasions in various parts of the United
States, but most of the well developed jets have been found in the midwestern
states, especlally during the night.z' 3 Data on the development, persistence
and decay of the low-level jet have been very scanty inasmuch as meteorolo-
gical towers used in the past did not reach the level of the jet core, and
balioon observations cannot provide enough of the continuous information

required,

DISCUSSION OF DATA

Since the meteorological system on the Cedar Hill towcr went into
operation in late December of 1960, a numbcr of low-level jets have been
recorded, The most prominent low-level jet developed on the night of
February 22-23, 1961, The surface weather maps during the period showed
a cold front of moderate intensity with northeast-southwest orientation
advancing from southeastern Colorado to the Texas Panhandle with no gignifi-
cant change of pressure gradient in the vicinity of the Cedar Hill tower, All
gtations surrounding the tower reported clear skies and light to moderate
SSW to SW winds at the surface. There was no indication of high winds near
the ground,

The data presented in this discussion are 10-minute average wind speeds
from 10 levels of the tower -- the wind speeds at 650 and 900 feet were not
considercd because of apparent errors In the data recorded at thesge levels.
Although the vertical temperature distribution will not be illustrated, it will
be discussed together with the wind profiles because the growth of the low-
level jet ie {ntimately related to temperature inversion,

rigure 1 gshows the time variation of the wind sgpeed profiles from 1700
to 2150 hours on Fcbruary 22, At 1700 hours therc was nothing unusual in
the temperature or in the wind profile. The temperature gradually decreased
with height with an {sothermal layer between 1200 and 1300 fcet, The wind
speed from 30 to 1300 feet varied from about 12 to 27 miles per hour. The
data between the hours of 1710 to 1910 were missing, but by 1920 a strong,
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shallow inversion exiated from 30 to 450 feet., Above this inverasion was a
less stable layer with the temperature decreasing with height and becoming
isothermal above 1300 feet. Thim ismothermal layer between 1300 and 1420
feet perajsted until 0200 hours of the next day. The wind speed increased
rapidly through the inveralon layer and then increased slowly up to the
{sothermal layer. By 1950 the surface inversion had intensified and the wind
shear below 450 feet had increagsed. The wind speed profile at this time
characterized the profiles for the next five hours with two maxima --one at
top of the inversfon and the other at the bottom or immediately below the
isothermal layer, By 2020 hours the wind speed st 480 fect had increased to
about 42 miles per hour while at 30 feet it was only about 12 miles per hour.
The temperature data at this time also showed an isothermal layer between
70 and 150 feet with 2 moderate inversion below and a strong inversion above
to 450 feet. The isothermal layer near the surface persisted throughout the
remainder of the period, By 2050 hours the inversion layer between 150 and
450 feet deepened to 600 feet and by 2120 hours to 750 feet, The top of the
invergion generally remained at 750 feet for the foilowing hour and a Lalf
with periodic drops to 600 feet. The wind speed profilcs for 2050, 2120, and
2150 hours showed the level of maximum wind speced to be at 750 feet; but had
the wind speed data for 600 feet been correctly recorded, the maizimum wind
speed level would presumably have alternated between 600 and 750 feet.
Through 2250 hours (Fig. 2) the top of the inversion remained at 750
feet. At this tirne the wind spced at 750 fect wag cver 52 miles per hour
while at 30 feet it was 13 miles per hour, By 2320 hours the inversgion had
propagated upward to 900 feet and it remained at this height until 0100. By
2350 the inversion layer between 150 and 300 feet, which gradually decreased
in intensity with time, had broken down and become i{sothermal. Theresafter,
a weak inversion reestablished in this layer several times; but in general,
the lower isothermal layer extended from 70 to 300 feet for the remainder.of
the period. From 2320 through 0050 hours, the maximum wind speed was
obzeived at 750 fect; but hag the correct wind data for the 900 -foot level
been recorded, the maximum would presumably have occurred at Y60 feet,
From 0050 to 0250 hours the wind and temperature structurcs changed
rapidly, and Fig. 3 presents the wind profiles at 20~-minute intervals. At 0110
hours the inversgion rore from 900 to 1050 feet and by 013C and 0150 hours the
top of the inversion was found at 1200 feet. From 0050 to 0150, marked
temperature decreases were observed at all levels --the least amount of
decreaga below 300 feet and above 1300 feet and the greatest decrease at about
the 900-foot level, Although they were not as sharp and distinct as the pre-
ceding maxima of wind speed, it can be geen from the wind profilea that the

§ A ity e b ot R kLN LY MR R fatae s e




§’~‘.‘1§ L VTR O G VIE SITVEP

1rce ay

Vimps!

|
| :
s h
ﬂ : i3
Lo L

Wind Profiles {or the Period 2150 CST, 22 February

1961 to 0050 CST, 23 February 1961,

2.

FIG.

75



VY TR TN L

Lighuio 4

LI AT ST DT N

"w

e

N

BRLNLE 1

A - e
LI TR
0:39 -

0 ——

:'[__,._-——‘f’

vimp)
w ‘ \I
154 \Y‘
= / I
/
-
o !
b 4 |
/i :
7y !
(] a |
Y
;I I
"he P
LN B o |
e
” LX) s
s
[ 8 IUPET / Vd
e —— ’
e 7 |
o /
:',/
7 |
e 7
” |
= !
18, ’——/ J
I*H
j——_ .
¢ ¢ T 16 B WL 38 48 e 4t 31 14 & 8¢
v oy

FIG.

3.

Wind Profiles for the Perjod 0050 to 0250 CST,
23 February 1961,

'

ket ekt s il SR T, O Y R M v e




— _ o TR S i AN e I T TR SIS

wind apeed maxima slways occurred at the top of the inversion, The wind
profiles also show an orderly decrease of wind speed with time between 300
and 750 feet and an orderly increase above 1200 feet. By 0210 houra the
inversion reached the uppermoat level of the tower, but the temporal change
in the temperature profiles from 0210 to 0250 was chaotie, The wind profiles
showed that the wind speed maxima had broken through the inveraion during
this period. The sharp reduction of wind shear between 750 and 1050 feet at
0210 and 0230 hours coincided with the nearly igothermal to {gothermal layer
that existed between 900 and 1050 feet, This s evidence that mixing caused
the reduction of wind as well ag the temperature gradients. At 0250 hours
the wind as well as the temperature gradients. At 0250 hours the wind speed
at the 1200-foot level was 63,5 mileg per hour while at the 30-foot level it
was 12,8 miles per hour.

The temperature profiles at 03C0 and 0310 hours {Fig, 4) showed that
order was established with a strong inversion between 450 and 900 feet and
less gtable layers below and above it, At 0300, the highest wind speed value
of 63,7 mileg per hour was attained at 1200 feet while at the 30-foot level
wind gpeed was 14.9 miles per hour. At 0310 hours the low-level jet showed
signs of losing its intensity.

CONCLUSION

The sequence of events presented here showed the systematic and
ordcrly growth of a low-level jet and the orderly upward growth of the noctur-
na! invcrsion despite the extremely large wind shears. It i evident that the
height of the low-~level jet and the height of the inversion are closely related
--in fact inseparable. It is also evident that the turbulent mixing caused by
the large wind shear was responsible for the breakdown of {nversion,
eapecially in the lower layers.
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Power Spectral Considerations on the Lounch Pod
QUENTIN R, BOHNE

AERO SPACE DIVISION

THE BOEING COMPANY

ABSTRACT

Power speetral densitvy methods, frequently employed in the determination of
flight gust loadg, are shown to bz useful in the solution of the nonlinear
ground-wind drag problem. In the first method presented, the equations arve
partially linearized so that classical power spectral technigues can be employ-
ed with a spectral rcpresentation of the square of the wind speed. The second
method, applicable to nonlinear systems, involvesg the generation of a random
signal to apply to an analog simulation of the system, The random aignal iz
fed simultancously into quasistatic and dynamic simulations, allowing the
determination of the degree of dynamic overstressing. Summary curves are
presented showing tvpical dynamic magnification factors for various values
of structural damping and frequcncy and various spectral representations of
the wind.

SYMBOLS
Y \
Cp = aerodynamic damping cocfficient = (' P Cply)D{y) éz(y)(l{;";)} dv
¢ *o T
Cp = [ £ Cplniy) 83()dy
0
Cp = drag coefficient

D = dimension of the avea transverse to the flow, ft

DMF = dynamic magnification factor = Q4/Q

Y ooy ) 2

F = Force coefficient = £ Cy(v)D(y) é(y) :L‘” dv
v Vo

f; = natural frequency of svstem, cps (fy = ;11/2-.-;

G = gust factor = peax wind specd/avervage wind speed

L = scale of turbulence, ft

[MiJ = coefficient matrices in differential equations of motion, i = 1, 2, 3
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M = generalized mass, slugs -{ m(y) #2(y) dy

m = mass distribution, slugs/ft

P(Q,)
qi

q

Qg

a9
Qs

L3

"

probability that q > Q4

ith generalized coordinate, ft

mean reaponse to degign wind

quasistatic response to ground wind

dynamic reaponse to ground wind

quasistatic design response

dynamic design response

time, seconds

frequency response function

wind speed at reference elevation, ft/sec
mean wind speed at veference elevation, ft/sec
random windspeed fluctuation about mean V, ft/sec
wind profile

axial coordinate of vehicle measured from bage, ft
length of vehicle, ft

elevation atove ground, ft

fraction of critical damping

air density, slugs/ft>

variance of random function V

standard deviation of random function

value of ith mode at station y

power spectrum of V

natural frequency of svstem - rad/sec
frequency, rad/sec

reduced frequency, rad/ft = u/Vo .
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ANALOG SYMBOILS

Summing Amplifier

&
: \eo:—(el+5e2)

€s -~

V

Integrating Amplifier

Multiplier

Potentiometer

INTRODUCTION

With tke advent of vertically rising high performance gystemis, i many
cases grounc wind conditions have become design conditions for a large portion
of boogter structures as well as for hold-down struciures, The wind-induced
loads consis' of drag loads in the dircctivn of the wind and oscillatory loads
primarily in & plane perpendicular to the wind. The lateral oscillations due

to steady winds have been the object of considerable recent regsearch, The
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work of Fungx, Ezraz. and E!uell3 is representative of this effort in which it
has been shown that on clean cylindrical configuvations the lateral 1oads are of
the order of three to four times the drag loads. For lifting reentry vehicles,
however, drag loads resulting from winde blowing normal to the lifting surface
can be considerably more important that the oscillatory lateral loads, In this
paper the problem of ground wind drag response is considered.

To arrive at suitable design critevia, an environment and a method of
analysis must be specified. In the past, the ground wind environment has been
specified in terms of an average wind speed and a gust factor, The average
wind value is based upon extreme averages measured over short periods {(one
to five minutes) and the gust factor accounts for the fact that, for a shorter
time during the averaging period, the wind must have exceeded the average by
a certain factor, For example, a wind criterion of 40 to 60 mph describes a
wind ccondition in which the average wind speed is 40 mph and the gust factor
ig 1.5. In the construc-ion industry, the gust factor has been used to convert
peak measured average winds to peak winds for design pressure detcrminatlnns?

To the aerospace indusiry, the gust factor ie more than a means for
determining & peak wind speed; it implies that a time-varying forcing function
is being applied to a lightly damped flexible vehicle, and a dynamic analysis
is needed to determinc the resulting loads. Experience in the field of ajrplane
gust rcsponse has shown many advantages of power spectral density analyeis.s'
This paper presents means of applying power spectral techniques in ground wind
analyses, rather than relying on a steady wind plus discrete gust solution asg is
now common.

There are twe problems basic to the use of power spectral methods in
ground wind analysis. The first is concerned with the nonlinear nature of the
regponsc equations. A method will be presented based on partial linearization
of the equations to eliminate thig difficulty, and an alternate mecthod requiring
ne linearization will also be shown.

The second problem is basic to all spectral analyses -- namely, how are
design loads determined from a power spectrum. The expected number of
exceedances of various load levels, a standard product of the spectral analysis,
is usecful for fatigue studics but leaves the question of what probability should
be selected for design load determination, It is algo recognizcd that a rational
criterion cannot be bascd only on the limited number of wind spectra measured,
but must be primarily based upon the great volume of wind speed data that is
cunstantly being obtained at weather stations throughout the world, The design
method that is presented in this paper allows the use of the basic environmental
data (average wind and gust factor) and yet also makes use of the apectral des-
cription of the wind to determine the proper dvnamic effects, The method
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* *It ig assumecd throughout that V > 0 and i-V -£4 .9

involves the determination of a dynamic magnification factor based upon an

equal probability of occurrence concept; that is, the DMF is the ratio of the
dynamic load expected with a given probability to the static load expected with
the same probability.

BASIC POWER SPECTRAL RELATIONSHIPS

The ground wind response of a slender vehicle cantilevered at its base ig
given by equations of the form*

i i)+ ] o+ o o) -

f‘}: o [ vy 3 . ]2 1
=i.} CoIBIe ) F | RE V- & ey arg (1)
[+] J 1 -

wheve the wind profile v({y)/V is the ratio of the wind speed at station y to the
wind spced at the reference elevation, It should be noted that Eq. (1) {e baged
upon 'strip theory' cr two-dimensional aerodynamics and that possible un-
steady cffects (time dependency of CD) are not considered, The expansgion of
the bracket in the right member will yield a lengthy nonlinear expression
involving products of the various velocitics. Fortunately the aerodynamic
ioading is distributed continuously much like the {nertial lcading used to deter-
mine the normal modes. Thereforz a small number of modes, possibly enly
one, will provide a good description of the vehicle regponse. For clarity of
presentation only one mode will be considered in the remainder of the develop-
ment, and it will b2 agsumed that the modal displacement ig thc response
item of interest, The conclusions that will be made are equally applicable to
bending moments ot other load items of interest. Eq. (1) in its simplified
form is now written ag

ME+2M{GI<';+MLJ1'2q=FV2-CA‘.’(']+CB('12. (2
The gingle degree of freedom equation is still nonlinear and the usual power
spectral mz2thods of solution are not applicable. The magnitude of the nonlincar
terme have becn discussed in detail.7 Thke term involving the square of the
rosponse velocity is very small and can be dropped at this time. The aero-
dynamic damping term, CAVq, in general should not be dropped, but replacing

! o0,
; A
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it by an cquivalent damping term, CAVOé , is suggeated as a practical meansg
of linearizatinn. It is difficult to generalize on linearization methods for all
configurations, and some thought should be given when this methed is applied
to a particular configuration, To the extent that the method is not exact, it is
probably coneervative in that the peak responses occur when V>Vo, or the
actual time dependent damping coefficlent is larger than the equivalent coeffi-
clent at that time.

2The response equation is now linear, considering the forecing function to
be V7:

2 2
FV 2m+2v Vo +v,.5) (3)

o 2 o2l
MY+ (Mo +CuV )E+M o % =FVE =

where the wind speed is defined as a mean wind, Vo' plus a random wind, VR'
with wero mean.
When a time average is taken of the right member of Eq, 3, it can be
geen that the mean value of the forecing function is given by
Z _ 5 2 2
FV -P(VO + 0y ) (4)
where
2. m 1 /’T v_ 2 (t)dt = the variance of V
O'V T+w —Z—T R = € variance o .
-
-T
Power spectra of Vg have been measured and it remains only to find the
power spectrum of V2 = (Vo + VR)Z. Rice8 has developed an expression for
the gpectrum of the square of a sinusoidal signal plus a random signal. A
gimilar derivation shcws the desired spectrum of Vz to be
2 2
s o) =4V “ ¢ (u)+  F ox
VZ o} VR J it

(f)év (‘—J' f)df (5)
-0 R

R

for frequencics other than o = 0. [n evaluating the convolution integral, by

definition,

3, ('U)=Oy (L:)-
YR VR
From the uesual input-output spectral relations, the power spectrum of the

response {tem of intorest can now be obtained by

sqle) = iT(m)! s L lu), (6)
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T(ia) = E

. (7
M(ml2 -wz) +iw(2M¢ o) +CAVO)

= the frequency response function,

Thus the mean response is obtained from Eqgs. (3) and (4) as

q:* ‘—1:'2 [V02+¢V2] (8)
T\Iul

and the variance i8 given by

2, F 4 (9
G'q -J‘;‘.q(u)o- )

[}

GROUND WIND SPECTRA

To conduct accurate ground wind spectiral analyses, it 18 necessary to
specify accurate wind spectra. As is the case for higher altitude gusts, only
enough spectra have been obtained to fix the general shape of the spectra, and
the magnitude is still quite dependent upon otiier measurements. The avail-
akle gpectra have been obtained both by tower measurements and by low flying
ajirplane measurements. In either case, the hypothegis of G. I. TAAyIm'9 has
been applied to convert the time spectra to space gpectra by the relationships

$(0) =V _3(0)

von

This cquivalence seems valid for the airplane data, but is scrcwhat question-
able for the low frequency eng of the tower data. The appiicability of Taylor's
hyvpothusis has been discussed in detall by chrylo and Lappr:” and will not
be discugsed here, The question is somewhat acadoemic for the pregent appli-
cation because most of the data were measured on stationary towers as a
function of time and will be applied to a stationary vehicle as a function of time.
Thus the conversion to a space spectrum could be looked upon as a cunvenien:
wav to store measured spectra.

Two speetral forms are presented in thig gection, the first due to Hem‘yl,o

and the sccond the well known expressinn for isotropic turbulence:
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5/3 68.2 2 0
0.0206V tan h ( T)

’ = ‘0 -
¢ (@) zz/a o 5/3 (0

. 2 L 1

= = 11
#(q) ZOV - m (11)

where L is the scale of turbulence and z {8 the elevation above the ground,
Various values have been suggested for the scale of turbulence at low altitude,
ranging in value from 200 ft to more than 1000 ft, It is not within the scope of
this paper to decide what value is most appropriate, Since the response of the
vehicle does depend upon the input spectrum selected, however, three spectra
will be considered in the remnainder of the paper (Eq. (10), and Eq. (11) with
L - 400 % and L = 1200 ft),

Henry's expression allows calculation of the variance of the turbulence
in terms of Vo and 2z, whercasg Eq. (11) gives only the frequency content, If
Henry's spectrum is8 approximated by its asymptotes, the resulting expresgsion
can be integrated in closed form to give .

o, % = 4.5 (. 0206) (68.2)2/3\’3 ) (12)
The preceding expression will be used for o’vz in Eq. (11).

Now attention will be turned to the determination of Vo. A great volume
of data has been measurcd by weather stations and reported {n tzarms of fastest
miles of wind experienced for various observation periods, For example,
Thc»m!z ghows fastest mil2s expected in the United States with return periods
of 2, 50, and 1C0 years. Thus the most reliable data on v, comes from records
averaged over one mile, and fastest mile values arc recommended in preference
to five-minute averages previously ugsed. It should be mentioned here that
fagtest mile averages are higher than five-minute averages and therefore a
lower value of the gust factor should be used with the fastegt mile average,

Yor illustrative purposes, a value of 1,4 will be used in this paper,

Since the desigr wind model to be synthesized is based upon data obtained
from two different sources -- averagc spceds from weather bureau stations and
power spectra from regearch programs -- care must be taken neither to omit
certain cffects nor to include them twice. A point in queation deals with the
long gusts on the low frequency end of the spectrum. The random wind des-
cribed by thie power spectium has by definition a zevo mean, and therefore it
should not contain turbulence components that arc longer than the averaging .
period used to compute the mean. To compute a one-mile moving average,
visualize a long record of random wind spced, The random fluctuations about
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this average will contain only the higher frequencies which did not contribute
to the moving average. In actuality, the fastest mile recorders do compute
moving avertges, the maximum value of the moving average being defined aa
the 'fastest mile.'
The epectra that describe the turbulence referred to as the one-mile
moving average can be obtained by multiplying the spectra of £qs, (10) and (11)

by a function representing the moving average operation. 13 Eqs, (10) and(11)
now become

5/3
0.0206V 2
s (0) = . 0 tan.h(68‘2 20) [1_ sin 2640 ] (13)
22; QE:! o 2640 :
2 L sin 26400]2 :
¢ (@)= 20" = YR [1- —ani_o_d-_; . (14) i

It should be pointed out that the attenuation function used above represents a
continuous averrs;ing process wheveas the fastest mile instrument records
digerete averages at one-mile intervals.

Wind specd spectra with and without the low frequency attenuation are
presented in Fig, 1 for Vo = 60 ft/sce and z = 60 ft, Power spectra of v2
from Eq. (5) are also eveluated for these conditions and are shown in Fig. 2.
It should be pointed out that the convolution integral of £q. (5) contributed
very little to the spectrum of v? in this case. This is not true in general, but
ig true in this example only because Voz >> o‘vz. 1t should also be pointed out

that the convolution integral tends to give more power to the higher frequencies.
For example, if the spectrum of VR had a predominant spike at n‘, the con-
volution integral would produce a spike at 2 8,. |

DESIGN METHOD

In this gsection, a method {s presented whereby the power spectrum of the

output can bc used to determine design loads. The usual criterion of a steady

wind plus gust is employed and the power spectrum is used only to determine

the magnificatior expected due to dynamics. The steps in the solution are:

(1) calculate the quasistatic* design load by a discrete analysis, (2) from the
power spectrum of the quasistatic load, compute the probability of exceeding

=In this paper ""quasistatic” refers to a response obtained from an analy-
sis in which damping and inertia forces are omitted, Thus the veaponse at any

instant of time ig directly proportioned to the foreing function at that same
instant of time.
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the quasistatic design load, and (3) from the power spectrum of the dynamic
load compute the dynamic load that will be exceeded with that same probability.
This is the design load that includes the effect of dynamics.

If dynamics are not considered, the quasistatic deaign reaponse from
Eq. (3) im

o, - MFz (G'Vo)z . (15)

|

The quasistatic response can also be obtained from a power apectral solution
employing Eqs. (6) through (9) by setting

T (i) =T(10) (16)

tn £q. (7).

From Eqgs. (8) and (9) the mean and standard deviation of the quasistatic
vesponse are obtained and, assuming a normal distribution, the probability
that the quasistatic response will exceed the quasistatic design response can
be obtained by solving the following expression for P(Q):

F (e-8)%/202 (17)
p(os)=J —— qs ¢

Q 2n o,

g Qg

rs 2
- ! -x“/2  dx . (18)
PQg) = f ——— e
Qs-a Y 2n
C!'qB

A similar development for the dynamic responsge will lead to the expression

2
e"':/2 dx .

[sa}
, 1
PQ.= [ — 19
Yl VE (%)
d-q
qu
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The dynamic reaponse that will be exceeded with the same probability as the
static reaponse (P(Q,) * P(Qy) ) is found by equating the lower limita of
integration of £qg. (18) and (19), or

[+
Q=T+ (@, -T) =2
Qs

. (20)

The dynamic raagnification factor bascd on an equal probabiilty concept is
defined to be

DMF 'Qd/Qs . (21)

APPLICATION TO A TYPICAL MISSILE

For purpose of illustration, the method outlined in the previous section
will be applied to a typical boost giide vehicle. The basic configuration7 is
shown in Fig. 3. [t should be realized that the results presented are applica-
ble only to vehicles similar to the one analyzed and are not to be used as
design curves for all vehicles. For the vehicle studied, Eq. (7) has the follow-
ing form;:

. 0,00236
T(iw) = 3 3
(Ul -5 +i0 (2¢ ul'*o.lSl)

Power spectra were computed for a number of values of oy and ¢ and for the
three input spectra defined previously., The results are shown in Table 1.
The results are also plotted in Figs., 4 and 5 along with results obtained from
a nonlinear study.

Effect of Natural Frequency

Equations (7) and (16) indicate that the dynamic frequency response
function builds up to a peak near o and then dropa off to zero, whereas the
quaaistatio frequency response function remaing constant for all frequencies.
Therefore the dynamic and quasistatic output spectra have the form shown in
Fig. 6 and the variances arc functions of areas I, II, and III as follows:

2
= [ +1I
oq I

d

gtz IelI.
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TABLE !
RESULTS OF LINEARIZED SPECTRAL ANALYSIS

Input f ¢ q Q q q IMF
Spectrum ! 8 8 d

Eq.(13) .1 s 22,1 40.3 4,99 6,00 .62

.5 .1 . 884 1.612 .282 .24 1,08

1.0 1 . 221 . 403 L0772 . 060 1,13

.1 .04 22,1 40,3 5.33 6.00 .97

.5 .04 . 884 1.612 . 337 .24 1,16

1.0 .04 . 221 . 403 . 0868 . 080 1,20

1 0 22.1 40.3 6.27 6.00 1.02

] 0 . 884 1.612 . 485 .24 1,46

1,0 0 .221 .403 . 145 . 060 1.64

Eq.(14) .1 .04 22,1 40.3 7,02 6,32 1.05

L =400 .5 .04 . 884 1.612 .203 . 253 1,07

1.0 .04 . 221 . 403 L0714 . 0632 1,06

Eqg.(14) .1 .04 22,1 40,3 5.28 4.90 1,04

L = 1200 ) .04 . 884 1.612 2145 . 1860 1,04

1.0 L 04 . 221 ,403 .0529 . 0490 1,04
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It can be seen that for high L8

1> 11, I,
DMF —e=1.0;
for medium {1,
1> I,
DMF > 1.0;
for very low fl'
11 > 11,
DMF < 1.0,

Thus there is a critical natural frequency for ground wind drag nproblems which
appears to be of the ovrder of 0.5to 1,0 cps.

f2ffct of Structural Damping

The cffect of damping is more pronounced in spectral solutions than it
is in discrete solutions., For moderate amounts of damping, the spectral
muthod outlined in this paper will give lower magnification than would be ob-
taincd from a critically phased discrete golution., For very low damping,
however, the spectral method shows higher loads than would be obtained from
a disercte solution, It is fclt that one of the major advantages of spectral
aointions is that they show the proper effects of damping., This in turn points
cut the need for an accurate determination of damping,

At low natural frequencies, the effect of structural damping did not
apprar to be very significant. This was true because acrodynamic damping
hecame relatively large at the low frequencies. In this regime the practice

of lincarizing acrodynamic damping might be muestioned.

Effect of Input Spectra

The choice of the input spectrum had a significant effect on the results.
Henrvts spectrum in particular was most severe, because it had rclatively
more powet in the higher frequencies which tend to phase with the vehicle
response frequency, There is a need for more meteorological research {n
this area, witis emphasis on extending the spectra to higher frequencies,
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METHOD FQR NONLINEAR SYSTEMS

In this scction & method is preasented for computing dynamic magnifica~
tion factors for systems that cannot be linearized. The assumption of nor-

mality employed in Eq. (17) is not nceded, but the equal probability concept
is gtill used.

Solution of Nonlinear Equations

The solution of the nonlinvar response cquation, Eq. (2), is obtained by
the use of nonlinear analog equipment. A schematic diagram of the circuit
used is shown in Fig, (7). A more complete degeription of the use of analog
computers in the solution of ncnlincar problems has been given, 7 The {nput
to the problem consists of a steady wind, Vo, and a random wind \’R, defined
by the power spectra of Eqs, (13) cr (14). The randon: signal is obtained by
filtering the output of a white noise generator so that it has o powcer spectrum
equivalent to that of ground wind turhulence. The filter used to simulate the
turbulence of £q. (13) is shown in Fig. 8a. The numerrical values refieet the
change from a space spectrum to a time spectrum and an additional time scale
change to specd up the analog operation, Less complicated filters can be used
depending upon the accuracy desired, For example, the spectrum cf Fq. (11}
can be simulated by a simple RC circuit as shown in Fig, 8h,

Netermination of Dvnamic agnification Factor

To compute the magnification factor of £4,(2:}, itis negessary to com-

pare the dynamic response with the quasistatic responsc obtained feom the
solution of

& "o 2 (22)

This can be accomplished hy solvitig £qs,(21) ard {22) simultancously on the
analog computer, thus obtaining continuous traces of qd('.) and qF(t). Com-
parison of the dynamic and quasistatic records viclds the magnification factor,
The comparison is made by considering the aistributions of maximum values
of both the quasistatic and dynainiic responses, The scts of maximum values
are obtained hy dividing the random recorde into a number of small time
increments and recording the maximum value in each increment, The cumu-
lative distributions of quasistatic and dvnamic pcaks can now be plotted on

probability papar and the dynamic and static rosponsc peaks Ay and a, which
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are expected wiih equal probability ean be obtained for use in Eq. (21;. Ap-
plication of this factor to Qa can determine the dynamic design response, 'Od.
expected from the statad criterion.

It should be pointed out that this method is based upon comparing dis-
tributions of maximum values of the reaponses rather than distributions of

the responses themaelves as was done in the linear eage, The maximum
value comparison is more meaningful from an engineering point of view since
maximum values are required for design purposcs, Also it {5 much easier
to obtain distributions of maximum values from a visual comparison of analog
records than distributions of the variable itself.

Numerical Results

The nonlinear method was applied to the vehicle previously analyzed
over the same general range of parameters., For cach analysis, the vehicle
wasg exposed to the random wind for 45 minutes of ''real time." By a time
gcale change, the analog time was reduced by a factor of 10, however, The
peak values were selected from cne-minute time increments, or in some
cases 30-second time increments. Typical distributicns of peaks are shown
in Fig. 9 which {llustrates the computation of the magnification factor. The
probability level at which to compute the ratio requires comment. The low
response values (exceeded with a high probability) should not be compared
because they do not represent significant loads. The highest values should
not be used either, because little stalistical reliability can be placed on these
values. In this study, the response peaks that were exceeded 10 percent of
the time were used, As can b2 seen from Fig. 9, there would be no difference
in choosing a different probability level for this example. For some cases,
however, the results would differ slightly if different probability levels were
used, The results of the study are shown in Table 2 and Figs, 4 and 5,

In general, the same comments can be made as were made in digcussing
the linearized solutions. Certain particular comments should he made, how-
ever,

a. The two methods show remarkably good agrecement, There does not
appear to he any diserepancy that can be attributed to comparing
regponges in one case and pzaks of responsee in the other casc.

b. The largest discrepancies occurred at (il = 0. 1), For this case

the aerodynamic damping is inuch more significaat than the struc-
tural damping, and the damping linearization is icast justified, The
linear analysis gives higher values in this case for the reasons dis-
cuszed earlier; that ie, the time-dependent aerodvnamic damping
coefficient baged on wind speed V is larger than the cquivalent
coefficient based on V4 when the peaks oceur,
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TABLE 2

RESULTS FROM NONLINEAR ANALOG STUDY

Input f, ¢ DMF Input fl ¢ DMF
Spectrum Spectrum
Eq.(13) .1 .1 .85 Eq.(14)
.5 1 1.11 L = 400 .1 .04 1.02
1,0 .1 1.13 .5 .04 1,11
2.0 .1 1.07 1,0 .04 1.09
2,0 .04 1.06
.1 .04 .85
.25 | .04 1,11 Eq.(14)
.5 .04 1.22 L =1200 .25 ], 04 1.05
1.0 .04 1,20 .5 .04 1.05
2,0 .04 i.13 1.0 .04 1.04
4,0 .04 1.08
o1 0 .82
.5 0 1.51
1.0 0 1.60
2.0 0 1.66
CONC LUSIONS

In the determination of dyvnamic drag responsc of a slender flexible
vehicle to ground wind, power spectral density techniques offer the best

nethod of evaluating the effects of the natural frequency and structural damp-
ing of the system.

It is felt that wind spectra are not well enough defined so

that one could specify an average wind plus a gust spectrum to be used for
design in place of the average wind and gust factor now specified,

Wind
spectra, however, can be used to define the frequency content of the gust and
thus permit a more accurate determination of the dvnamice effects.

In view of the effect that the choice of the input speetrum has on the
DMF, more regearch work is needed to fix the form of the input gvectrum,

especially at high frequencies,

In particular, this spcctral informaiion

be gathered under conditinns of the highest wind speed possible.

Lincarization of rerodynamic damping appears to be justified excep! in

cases where the aerodynamic damping is large co-apared to structural damp-

ing. In these cases, the linearization method sugges
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Problents Associated with Launch of Wind-Limited Spoce Boosters

SOL LUTWAK

SPACE TECHNOLOGY LABORATORIES

ABSTRACT

Space boosters that are combinations of existing stages often muat be launched
under restricted altitude wind eonditions because of structural or control limi-
tations. The probicins associated with specifying wind limitations and defining
the 'probability of launching' for these vehicles are discussed in general terms,
The necegsity for operational prelaunch procedures to insure that the wind or
angle of attack limitations are not exceeded on a given flight is also discuesed,
Prelaunch procedures for the Able-5 Lunar Probe launch are deserlbed

briefly, and altitude wind forecasts and the results of prelaunch trajectory
simulations are presented.

NOTATION

Mall Limit allowable bending moment, in. lbs = ultimate moment
divided by factor of safety = Mun/FS

Mavail Limit moment capability = Mall - ?- P

Mequiv Bending mofr‘nent that produces the same stress as an axial
load = P x 5 for a thin-walled cylinder

Mbuffct Bending moment due to buffeting or ungteady acrodvnamic
effects

Mgust Bending moment due to gusts

Mslosh Bernding maoment due to sloshing

M, Bending moment due to 'steady state'angle of attack

P Axial load, lbg

R Radiug of vehicle, in.
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q Dynamic pressure = % [ VZ, psf

v Vehicle velocity, fps

a Angle of attack, deg

P Atmosphetic density, slugs/rts.
INTRODUCTION

The purpose of this paper is to discugs the problems associated with the
launch of a space vehicle booster that must be restricted with respect to the
altitude winds through which it canfly because of structural or control limita-
tions. An altitude wind operating limitation is often one of the restrictions for
space booster vehicle systcms that use combinations of existing stages. These
stages wevre ociginally designed for other missions, particularly weapon sys-
tems applications, and are not optimum designs for the space booster mission,
Specification of altitude wind operating limits foe these space boosters will
often elluininate the requiremoent for extensive modification to the structure or
other hardware, which in turn will save moncy and expedite the schedules for
the development of the vehicle,

It is apparent that the operating limits must not impair the operational
capability to the extent that they ceuse very great probability of delaying or
postponing the launch of a space booster whose mission requires launching
during a limited time interval. In addition, the actual launch operation for a
wind-limited booster will require altitude wind soundings and launch-time wind
forccasts, Procedures for rapidly evaluating these wind data must be part of
the prelaunch opzrations.

The paper will point out somc of the problems involved in establishing the
wind limitation, specifying thc 'probability of launching' and providing prelaunch
support for a space vehicle that is wind limited. These problems differ from
those encounterad when a weapon system {8 designed to a low-risk wind speci-
fication. The weapon system, which must be designed to conservatively defined
altitude winds, can be launched at any time without a requirement for prelaunch
wind information, and its probability of surviving the altitude wind environment,
for present systems, will be at least 99 percent. For a wind-limited space
booster, the 'probability of launch' must be deterinined early in the design
phase; thie probability is, of necessity, based on higher-risk wind specifica-
tions and may not be overly conservative. Then just prior to launch, when the
approximate wind environment for the launch ie known, {t ig necesgsary to
establigsh with high confidence that the prooability of successfully flying through

the xnowrn winds is very high--approaching 100 percent.
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DISCUSSION

Deaign Approach for a New Syatem

The ideal approach to design of a new ballistic miseile or rocket booster
vehiele to survive altitude winds is first to select a wind criteria with a very
low design risk. Ag an example, the wind profile used for ballistie missile
dcsignl is based on wind shears and velocities that are expected to be exceeded
only one percent of the time duting the windiest season of the year in the
windiest area of the continental United States. The vehicle structure and con-
trol system are designed to these conservative criteria. And, presumably, if
this design is within the overall systemn limitations of cost and performance,
the vehicle system will have a probability of launching of nearly 100 pcrecnt
with respect to altitude winds,

Design Approach for a Combination of Existing Stages

If existing stages are incovrporated in a space booster, it is very likely
that the strength of the vehicle will not allow use of the first approach without
cxtengive structural modifications. The problems are similar if a control
system limitation exists, To avold making structural modifications to the
vehiele, it is expedient to spoceify an altitude wind nnereting limitation for the
svstem. The altitude wind limitation for the vehiele is bascd on the capability
of the minimum strength portion of the structure,

Proceduree for defining the wind limitation and specifving the probability
of launching for the vehicle must consider the sircngth capability of the struc-
ture, the applicd loads, the variation of load with angle of attack, and the
correlatinon hetween the wind veloeities and the vehicele angle of attack. The
various aspects of the problem are discussed in detail brlow:

Strength capability of the structure

The ultimate strength of the structure can be defined as the load at which
the structure will collapse or rupture, Tho ultimate load is genevrally deter-
minrd from analyses and tesrs. The limit allowable load is the ultimate ioad
divided by a factor of safcty, In an efficient design the applied load will equal
the 1limit allowable load. Whern the operating limit ig established, thz angle of
attack is predicated on acnicving the limit allowable load,

The limit allowable moment will be defined as Mall’ For a thin-walled
cylinder, which is tvpical of missile structurcs, the eruivalent moment that
produces i 2ame strese as an apniled axial iecad, P, load is given by

Mcq:ziv : % P

whore R {5 the radius of the venicle at the appropriate station,
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At any time in flight the atructural capability that is available to sustain

bending moment is

Mavan * Man - % P.

The moment capability varies with time because of dependence on the variable
axial load, P. Additionally, if a propellant tank is critical, its capability,
which 18 dependent on preasure, will be affected by a time-varying internal
tank pressure, The external pressures and vented compartment internal
przssures also vary with time, Ag a result of these time-varying factors,
different portions of the vehicle structure may be critical at different times.

Applied bending moments

The applied bending moments that the vehicle encounters arise from
winds, which cauge an esgentially rigld body response, and from propellant
sloghing, gusts and unsteady aerodynamic excitations such as transonic
buffeting that cause both rigid-body and elastic responses. To establish the
bending moment due to gusts, it is necessary to select a design gust. A dis- .
crete or spactral guet approach can be used and the appropriate shapes, wave
lengths and velocities defined. Since the vehicle i8 expected to encounter
moderate windg in this application, it might be reasonable tc use moderate
gust velocities rather than extremes, A low-vrisk gustcriterion at this point,
however, will introduce conservatism in the analysis. The gust bending
moment caleculation should consider elastic body response and the control

system dynamics.
The bending moments that result from unsteady aerodynamic effects

are generally obtained from missile response calculations baged on wind
tunnel data from tests on the particular vehicle configuration., The sloghing
bending moments referred to here are those that can result from a gloshing
limit cycle, or oscillation that results from feedback between the sloghing and
the control system. This 1limit cycle does not exist on all liquid propellant
vehicles; however, if one is expected, the magnitude can be estimated from
flight data, or analytical results. The bending moments due to any other
effects should also be determined.

At a given vehicle station the moment capability that is available to carry
the steady state wind moments {8 given by

Mo=M

a avajl - and so on.
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Limiting angle of attack

Since most boost vehicles fly very nearly trimmed, the bending moment
at a given flight time iz = direct function of angle of sttack, &, or the product
112
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of dynamic pressure and angle of attack, qa. Hence the limiting angle of attack,
d, can be established and is given by an equation of the form

Note that it has not heen nzcessary to make any assumpiions with regard

to winds in arriving at the angle of attack limitation, This limitation is pri-

marily a function of the strength capability and the vehicle response to other
than the steady state winds,

Limiting wind velocity and probability of launching

Ag is apparent from the previous discussion, the operating limitation for
the space booster is an applied bending moment limitation, which implies an
angle of attack limitation. If it were possible to cstablish a valid correlation
between the wind velocity and the vehicle angle of attack, then the operating
limit could be stated directly as a wind velocity limitation. The probability of
launching the vehicle could then be determined quite accurately from available
wind statistics for the launch site,

It is well known to missile uesigners that the vehicle response, or angle
of attack, cannot be simply related to the wind velocity at a given altitude. The
integrated cifect of the winds below the altitude of interest, has a significant

influence on the angle of attack., The uss of wind profiles (which have assumed

correlations between the peak wind at the altitude of intcrest and the winde below
this altitude) to compute the vehicle angles of attack nas the advantage of sim-
plicity. It is difficult, however, to define a wind profile producing a load or
angle of attack that has strict statistical meanirg. A comprehensive revicw
has been pt'ovidedz of the wind profile design approach that hag been used in
the missile industry, Also presented are the results of inissile lnad calcula-~
tions with a selectcd group of actual wind profiles; a load history is obtained
from each profile and the load statistics are based on the missile response
rather than on the wind velocities,

A number of studiesz have shown that the angle of attack associated with

a low-risk degign wind profile (with a peak velocity that is exceeded only one
percent of the time) is generally a conservative value and is acceptable for
design usc. The use of profiles to egtablish a correlation of angle of attack
with wind velocity when the peak wind velocities are nign weculd be expected to
yleld veasonable results because the profiles asaceiated with high wind veloci-
ties are ugually unidirectional and have fairly typical shapcs, The profile ap-
proach, however, is bzlieved to have serious limitations in predicting the angle

of attack associated with low velocity winds, When rather low pesk-wind

vele:tities are being considered, wind direction shifts below the altitude of
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interest ave very likely, The greater variability of low velocity winds makes
the task of defining & conservative, or even a typical, wind profile difficult.

To establish the correlation of veloeity with angle of attack, trajectory
calculations can be performed with a number of 'synthetic' wind profiles that
peak at varying velocities, Winds that peak at several altitudes must be
considered. Experience has shown that the altitudea near maximum dynamic
pressure (30,000 to 40, 000 ft) are usually critical; however, there have been
instances in which altitudes near the transonic regime of the trajectory (ap-
proximately 20, 000 ft) were also critical. The trajectory calculations will
provide a variation of angle of attack with wind velocity at the altitudes consi-
dered from which the limiting wind velocity can be estimated. The probability
of launching can tlien be basced on the probability of encountering the limiting
wind velocity, It must be recognized, however, that the results obtained from
the synthetic profile approach will be approximate; this will be particularly
true when low peak-wind velocities are being considerved.

There are alternatives to the use of synthetic wind profiles in establish-
ing the probability of launching a wind limited vehicle. A procedure similar
to that described by Hobbs? can be used., The response of the vehicle to a
statistically significant number of actual wind profiles can be established., The
probability of launching can be based directly on the probability of encounter-
ing the limiting angle of attack. This approach, which inherently should yield
the most satisfactory repults, requires that a 'typical’ or proper set of actual
wind profiles be gelected. The Patrick Air Force Base wind profiles and the
200 Birmingham, Alabama pr’ofilezs2 have beern oriented toward low risk design
winds and might not be entirely satisfactory for design studies with wind-
limited vehicles. In addition, the amount of computation required in the past
has been inconsistent with the time scale of the space booster degign studies,

Another alternative to the synthetic profile approach is a possible
modification to the response matrix procedure presented by Trembath3, This
procedure can be used with wind statistical data similar in form to that given
by Court4,

No matter what approach ig used to establish the probability of launching,
the results of the study must be available early in the design phase., The
launch probability must be compatible with the mission launch requirements,
otherwise the system will not be developed.

Prelaunch Procedures

Before the actual iaunch of a wind-limited booster, it is essential to
estabiigh that the wind limitations, or the angle of attack limitations, will not
be exceeded during the flight, For the Able-5 lunar probe, procedures were
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incorporated as part of the prelaunch operation to obtain and evaluate altitude
wind forecasts and soundings,

The launch of the vehicle was contingent on the
regults of theme evaluations,

The prelaunch procedures involved obtaining
altitude wind forecasts for launch time, performing a trajectory simulation
based on the forecast wind data to obtain the expected angle of attack, making
& go-no-go decisjion with respect to the altitude winds, and examining wind
soundings obtained just prior to launch to ingure that the trajectory simulation
regults are valid.

The wind data supplied was wind velocity and wind azimuth at 2000-{t
altitude increments from surface to 60, 000 ft, The range weather office
supplied altitude wind forecasts for launch time (T-0) at T-24 hrs, T-12 hrs,
and T-5hrs. Altitude wind soundings were supplied from balloons releaged
ut T-3 hrg, T-2 hrg, T-1 hrs, and T-0, The T-12 and T-5 hr forecasts
referred to the time the forecast data were supplied to 8TL; thege forecasts
were based on altitude wind soundings from balloons released at approximately
T-13 hrs and T-6 s, us well ag other appropriate meteorological data, The
wind sounding time refers to the time the balloon was releasged.

The T-24 hr forccast generally served to alert personnel, Decisions to
launch could be based on the results of the T-12 and T-5 hr forecasts, Since
it was necesgsary to have a go-no-go launch decision prior to removal of the

gantry tower, and T-5 hr forecast was the latest data that eould he used, 1he

The
T-1 and T-0 soundings provide¢ wind data just prior to and after the launch,
which were used for flight teat evaluat.on,

T-3 and T-2 hr wind souadinge served to conflvm iies T-5 hr forceast,

in the preliminary planning of the prelaunch procedures for the Able-5

lunar probe, it was thought that go-no-go wind velocities could be specified for

the critical altitude ranges. Use of wind velocities alone as launch criteria

wag expected to simplify the prelaunch operation to some extent, since the
launch decision could be made quickly at the launch site.

This approach, which
wasg later abandoned, involved the following:

(a) If the wind velocities obtained from either the T-12 or T-5 hv fore-

casts exceeded the specified maximum values {n the critical altitude
ranges (18,000 to 22,000 ft and 30, C00 to 45, 000 ft} the launch was
postponed,

(b) 1If the T-12 and T-5 hr forecast velecities were less than the speelficd

minimum valucs, it was permissible to launch without furthet investi-
gation,

(¢) If the forccast wind velocities were hetween the specificd maximum

and minimum values, a trajectory simulation using the forecast wind

profiles would have to be perfoermed. Launch would be contingent

upen the results of the trajectory simulation; the computed angles of
attack would have to be below the limiting valies.
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The go-no-go wind velocity prelaunch procedure was abandoned because
the trajectory simulation, which involved a great deal of set-up time, was
already available. In addition, the conservatively low minimum velocities
specified for (b) were quite vemtrictive, especially in the 18, 000- to 20, 000-ft
altitude range,and would have resulted in a requirement for a trajectory simu-
lation moat of the time. It was decided to perform simulations for all fore-
casts and rely on the computed angle of attack, rather than the wind veloeity
alone, to arrive at a launch decision.

The trajectory simulation used is a digital procedure that considers a
rigid missile and includes the control system dynamics; pitch and yaw plane
regponses are computed separately, The wind azimuth and velocity at the
2000-ft altitude intervals are provided as input. The procedure resolves the
wind {nto the pitch and yaw plane components, computes the time history of
angle of attack, engine engle, and dynamic pressure in each plane, and obtains
the combined angle of attack. A typical simulation of this type requires 10 to
12 minutes of machine time on the 7090 computer for 80 seconds of flight time.

Since the Able-5 vehicle was launched from the Atlantic Missile Range
and the computer facilities were in Los Angeles, transccntinental communica-
tions were involved but did not pose a problem, The wind forecasts were
phoned to the Space Navigation Center at STL. Input of the data, computation,

and transmisgion of the results to the test conductor were accomplighed in
approximately one hour, The altitude wind go-no-go decision was made prior
to the time the gantry tower was removed (approximatcly T=-3 hr). The T-3
hr wind sounding data was supplied at T.-2 hre and provided a check of the T-5
hr forecast, but nominally no simulation was to be run with tiis sounding, If
there wasg a significant change in wind velocity or direction from the forcocas
values, however, there was sufficient time prior to launch to run a simulation

I3
3

as a check on the angle of attack.

Limitations of Prelaunch Simulations

It i{s apparent that there are tolerancas assgociated with the input data
and with the computed results obtained from a prelaunch trajectory simula-
tian. There will be variations in the actual flight trajectory from the nominal
values used for the simulation, In addition, the assumptions used to define
the vehicle properties, such as weight, aerodynamics, and control system
dynamica, will affect the validity of the results. The primary tolerances are
believed to be those assocliated with the wind forzcasts, Thesge are a result
of the time lag between thc forecasts and the launch, and are also influenced
by the distance between the balleen and the vehicle at the altitude of interest,
(This distance varied from 5 to 30 miles for the soundings obtained in this
launch operation.) It is believed, however, that if the technique used to obtain
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the wind data and the aceuracies involved are undersiocd by the engineer
there should be no problem in properly (or at least safely) defining the opeva-
ting limits,

The validity of resulis of prelaunch simuistion will improve as flight
experience on vehicles im gained. Improved techniques, such as rocketsondes
or dropsondes, for obtaining soundings in the vieinity of the launch site might
be required. The launch-wind vehlicle~interaction problem still requires
considerable study. An interim solution for launch of wind-limited vehicles
is to mpecify obviously conservative operating limits; this will be a satisfactory

approach 80 long as the operational capability of the vehicle is aot significantly
impaired,

RESULTS OF ABLE-5 PRELAUNCH SIMULATIONS

The Able-5 lunar probe consisted of an Atlas first stage, an Acrojct
AJ-10-101 second stage, and an ABL 248 third stage, [t was necessary to
launch the vehicle under restricted altitude wind considerations because of
structural limitations in both the first and second stages.

The prelaunch wind forecast data, wind sounding data, and trajectory
simulation results that were obtained for the two launches of the Able-5 lunar
probe are presented in Figs. 1 through 4, The data from the 25 September
1960 launch illustrate a condition where the winds were very low in velocity
all the way up to 50, 600 ft (less than 50 fps) but variable in direction near the
trangonic altitude (20,000 ft). The data from the 15 December launch illustrate
a condition where the wind direction was relatively constant and the peak wihd
velocity was incdeva.c (170 fus) at trhe ~Ttude o0 i
(35,000 ft).

For the 25 September launch the Able-5 Hmiting angles of attack were
3,8 near 20,000 ft (transonic) and 5,0° near 35, 000 ft (maximum dynamic
pressure). A minor structural modification was made for the 15 December
launch and the limiting angles were 4,5"® (transonic) and 5,0° (maximum
dynamic pressure). The limiting angles of attack are indicated on Figs. 2 and
4. The launch azimuths for the flights were approximately 100°,

Figure 1 shows the T-12 and T=-5 hr wind forccasts, and the T-3 hr and

ing Igrcce

PAY L i Upeeerpiin picogure

T-0 wind soundings for the 25 September launch, The computed angles of

attack based an the T-12 hr forecast, T-5 hr forecast and the T-0 wind sound-
ing are shown in Fig, 2,

The T-12 hr forecast {ndicated an abrupt change in wind direction (100°

to 310°) near 15, 000 ft with very low wind velocities, As can be seen in Fig, 2

thig direction change resulted in an angle of attack cf approximately 2,3°* near
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FIG. 2. Angle of Attack Based on Wind Forecasts and T-0 Sounding,

25 September 1960 Launch.
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the transonic altitude. Since thie was close to the limiting angle of attack
of 3.8°, a possible flight postponement was indicated. The actual launch
decision, however, was based on the T-5 hr forecast, The simulation based
on this forecast resulted in angles of attack (Fig. 2) that were well below the
limiting values,

1t ig important to point out that a prelaunch procedure based only on a
go-no-go wind veloeity would not have indicated that the vehicle response was
approaching a limiting condition for the T-12 hr predicted winds, An an
example, the T-12 hr forecast wind velocity at 20, 000 ft was spproximately
16 fps, while a go wind veloeity may have been estimated to be 65 fps,

A further examination of the wind profiles in Fig. 1 showe that the T-3
hr snunding was in reasonablc agreement with the T-5 hr forecast, but that
at T-0 the wind direction did shift significantly at a number of altitudes, The
wind velocitics for all the forecasts and sounding were in good agreement, It
ig of interest to note that hurricane 'Florence' had movcd inland near AMR
the day before the launch, Apparently the siorm conditions caused the wind
direction at the lower altitudes to be quite variable.

Examination of Fig. 2 shows that the computed angles of attack at 20, 000
ft for T-0 weve below the T-12 hr and T-5 hr values bul were approximately
the samec near 35,000 ft. This further illustrates the significant influence of
wind direction shifts, or wind prefile shape, on the vehicle responge, parti-

. cularly at low altitudes,

tgure 3 shows the T-12 hr and T-5 hr forecasts and the T-0 sounding
for the 15 Decemter launich of Able 3 The T-0 maximum wind veloeity wag
in excellent agreement with the forecast values although the altitude of maxi-
mum wind varied by approximately 10,000 ft, In addition, the T-0 wind
2zimuth aboee 10, 000 £t was in good agreement with the forecast data, Below
10, 000 ft, however, thc forecast and the T-0 wind azimuthg differed signi-
ficantly., The sensitivity of the missile to the wind shifts ig again illustrated
in Fig. 4; it can be seen that there is a great difference in the missile response
in the 10, 00C- to 15, 000-ft altitude range.

In general, the 15 December wind profiles were casentially unidirectional
and monotonic up to the critical altitude, typical of moat synthetic design pro-
files. As can be seen in Fig, 4, there is no significant difference in the maxi-
mum angle of attack in the critical altitude region of 30, 900 to 45, 000 ft; the
result is expected since all the profiles peaked at about the samec velocity,

Examination of Fig, 4 shows that the forecast angles of attack were
below the limiting values of 4. 5° and 5,0°. The altitude winds were not a

problem for this launch,
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CONC LUSIONS

The use of moderate wind vestrictions can provide savings {n develop-
ment time and cost for apace booster vehlcles that might have structural or
control mitations, These moderate operational limitations can be adequately

defined, and prelaunch procedures can be implemented to provide a launch
decision.

If the economical development of a space booster vehicle involves severe

wind limitations, the problems beconiz wmore involved. Becauge of the varia-

bility of wind profiles associated with low velocity winds, il is difficult to definc
thic probability of launch; in addition, it becomes more difficult to accurately
preduct the vehicle response from prelaunch environment data in order to
insure that the vchicle can survive the altitude winds. In generval, it can be
concluded that designing to severe wind limitaticns, even if thesge limitations
ate within the other mission requirements, is not advisable,

The use of the termms 'mederate! and 'severe! altitude wind restrictions
is of course only qualitative. In an attempt to define the 'probability of launch'
agsgociated with these restrictions, however, it can be gtated that vehicles that
can be launched at least 80 percent of the time have moderate rostrictions and
vchicles that can be launched less than 80 percent of the time have scvare
restrictions, By comparison, a ballistic missile can be launched at least 99
percent of the time. The diffcrence between the wind velocities and design
loads associated with 99 percent winds and 80 percent winds can be apprdclable,

The problem of specifying wind limitations is not peculiar to space booster
systems; It is often encounivrcd in the Rand D phasce of hallistic missile flight
tegting when a vchicle is flown to cvaluate a specific problem area or must fly
with eompanents that have not been fully qualified prior to launch, Wind
limitation for boost of manner space vehicles might be desirable to reduce the

loads envirenment encountered by the crew. In addition, if significant per-

formance bencfits can be gaincd for very large space boosters, it might be
desirable to design these vehicles to wind criteria that are less severe than
those used {n ballistic missile dcsign.

In the acrospace industry the emphasis has been, until recently, on
extreme or low-risk winds to be used for design purposes, It is apparcnt that,
in the future, there will be morc interest in the properties (that is, statistics
and typical profiles) of moderate-risk winds, or winds that are likely to be

encountered. In addition there wiil be a great deal of interest in wind sounding,

forceasting and data reduction techniques that mect the time and accuracy re-

quirements of operational prelaunch procedures for space booster vehicles.
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Random Excitation of Missiles Due to Winds

J. D. WOOD
J. G. BERRY

SPACE TECHNOLOGY LABORATORIES

ABSTRACT

The dynamic respense of a large missile subjected to ground winds is
determined herein, The analysis is carried out under the assumptions that
(1) gusts nersist for a time that {s long ~ompared with the longest time con-
stant of the constrained missile, that is, quasisieadv.winds; (2) the Reynolds
number that characterizes the flow is high, that is, 10°. The flow phencmena
agsociated with the last agsgumption are such as to cause the response problem
to be statistical (stochastic) rather than deterministic, A numerical ex-
ample {llustrates that the dynamic loads induced in s missil: structure by
ground winds can be quite large. The determination of the spectral density
of 1lift and/or drag forces from the speetral density of gust velocity is con-
sidered in the Appendix, Certain idealized but plausible assumptions
concerning the statistical character of gusts are made in ordevr to render

the analysis more tractable.

INTRODUCTION

A missile that is launched in a vertical position from a fixcd surface
launcner is frequently subjected to significant loads as the result of the
oscillating displacements induced by the ground winds to which it is cxposcd
during prelaunch periods. In the case of missiles with relatively large-
diameter cylindrical sections,, such ground winde can give rise to vory large
Reynolds numbers R*(R > !O(’). In such a flow condition, random vortex
shedding and consequently randcom lift and drag forees will result, Sinece the
lift forces act on the missile in a direction perpendicular to the drag forces,
large osciliating dieplacements and loads may result,

¥or Revnolds numbers in the range from 40 to 150, the shedding of

vortices is regular, and the eddying motion in the wake is periodic in boti

=The Reynolds number R is definod to be R = Ud/y, where U is the un-
disturbed velocity of flow, d is the missile diameter, and v is the kinematic
viscousily of the flowing liquid,
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space and time., The flow under these conditions can berapbroximated by the
well-known Karman vortex atreet, Between 150 and 300 the vortex shedding
is no longer mo regular, while above 300, the predominant frequency of
vortex shedding can be determined but the amplitude has become random.,
Finelly, at R of order 105, the separation point of thc boundary layer moves
rearward on the cylinder and the drag coefficient drops rapidly. The exact
value of this transition zone, or regiun of critical Revnolds numbers, depends
on surface roughness, turbulence structure in tne aiv streamn, and so on. The
wake for a flow below the critical Reynolds number, however, exhibits a clear
pericdic flow struetvre, with a dominant frequency at cach side of the missile.
The flow at Reynolds numbers above the critical point produces a much more
turbulent wake in which the voriex street pattern is uc leager recognizabie.

In such casges, it is nccossary to consider a power spectrum or a correlation
function rather than a single dominant frequency.

The majority of earlier research on the subject of vortex shedding in a
flow around circular cyvlinders was concerned with the wake charactervistics at
suberitical Reynolda numbers., Although a limited amount of data on the
shedding frequency in the supercritical range was available, the forces acting
on the cylinder, other than the mean drag component, had apparentls never
been measured. In 1957, wind tunnel experiments were conducted by Space
Techrnlogy Labs in order to measure tne fluctuating 1ift and drag acting on a
circular cylinder in a flew of an {ncompressible fluid at large Reynolds numbers.
Data has becn presented on the root-mean-square values of the lift and drag
coeffiricnts, the extreme values of these ccefficients, and their power gpeectra
at varions Roviiolds numbers between 330,000 and 1, 390, 000, !

THEORETICAL CONSIDERATION

The following is a derivation of the means by which the response of a
largz missile to ground winds, sufficlen: to cause randomn vortex shedding,
may be caleulated, The flow contditions, for 2 typical missile with two distinet
cvlindrical scetions of different diameters are depicted in Fig, 1,

Considering the lateral motion of the missile in Fig, 1, the applied lift
foree per unit length along the missile ean be described as

L{x, t) = qlx) d{x; C (¥ (1)

where q{x} {g the dynamic pressure, dix) is the missile diameter at any given
point along its length, and CL(t) ig the lift cocfficient which varies randomly

e
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with time.* Actually, CL is a function of Reynolds number as well as of time,
Therefore CL' at each missile station, depends on the diameter of the missile
at that station. The dependence of Cy on R and t is such that it is impossible,
in general, to expresa C; as a product or sum of a function of R and a func-
tion of t, However, the experimental datal indicates that CL {8 not a strong
function of R, at least for limited ranges of R in excess of 5 X 105, Theretore,

it is reasonable to assume that a value of C, , associated with a Reynolds
number based on a representative missile diameter, should be adequate for
Eq. (1). This conclusion is only valid for two-dimensional flow. ! The three-
dimensional flow characteristics around the tip of a missile have a substantial
effect on the total lift and drag forces.z' 3 In the absence of detailed wind
tunnel input forces on particular missiles, however, the procedure developed
herein is the best available, On the basig of limited expervimental data, it
can be anticipated that the results obtained will be conscrvative,

‘The lift foree of En. (1) i5 a random function of time since Cy (t) 15
random in time., Problems involving random time varviations are usually
more conveniently treated {n the frequency domain than in the timc domain,
The frequency representation of a random function is known as its power
spretral density, Figure 2 is a typical power spectral density of lift or drag

' The frequency parameter, § = ©d/2=U, used

force on a uniform clyinder,
in Fig. 2, is known as the Strouvhal number; the curve is normalized such that
II'CD

e el
J F(S)ds =1; or J Flod/2xU)do = 25U/4d . (2)
o]

If Py (o) is defined as the power spectral density of the lift coefficient
CL(t), the mcan square value of Cy is given by
w

JPL(L;)d(_,:¢CL2>- (3)
a

Cumparving the latter two equations, the normalizing facter K = PL( wj/F(S)

is evident, and

d<CL2>
P ()= —e——— F(s), (4)
2rU

2

wiere €Cyp “> is the mean-square value of the 1ift coefficient observed cox-

porimentally,

*The lift force is assumed not t¢ vary randomiy with x, that i{s, the .
spacial eorrelation is unity. This assumption might not he compirtely valid;
however, no data is available eoncerning spactal correlation, and in any event
the assumption is conservative in determining gross missile response,

NG| W AFH

i o ol A ] ciadad | C T



S

"

SRR LY L L LT T ]

NORMAUTZED POWER BSPECTRUM OF LIFT

s T

S

N

»

»
p—"""

~

AND ORAG FORCES , F(3)

7

FIG. 2, Normalized Power Spuctrum for the Lift Force and
Drag Force at Reynolde Number 1,39 X 106

-
™~
el

e e e e A b o ot e e Een . o




PRI RaL o, i | RO T SO PTEe

S v e

Similarly, the power spectral density of the drag coefficient resulting
from the cscillatory motion of the missile parallel to the air flow is
decp?>

PD(u) = ——-ZT F(S; . (5)

where <CDZ> is the mean-square value of the drag coefficient observed ex-
perimentally. !

The lateral displacement response of the missile, which is assumed to
be a linear structurs, may be expressced in terms of {te normal modes as

ax, f = Loe (%) q,lt), (6)

0L

The generalized coordinates, qn(t), are governed by equations of motion such

as,

: » Q)

A v 2 Lpepdy Yoy Gyt My, (7)

with certain restrictions on the modal damping, - for example, its spacial
distribution and smallncss.
The generalized force is

Q, (1) =th f(x, 1) ¢ ,(x) dx, (8)

and M is the generalized mass in the nth mode.? Sinece it is assumed, in the
case of wind-induced oscillations, that the foreing function is f(x,t) = F(x)T(t),
the gencralized force becomes

e
=

Qn(t) = T(t)fg F(x) én(x)dx 2 WnT(t) ,

-
where W =]
e n Jf

The solution of Fq. (7) in terms of its indicial admittance, h(t), is

F(x) o (x)dx, and F{x} - g(x) d(x).

[eo]
~

qn(t)=J hp(t) T(t-T)dt . (10)
o]

‘T'he term T(t) is a random function implying that apft) and u{t) are random

tunctions of time. It is the naturs of random processes that only a statistical

descripiion is meaningful, It is quite often {mposaible to construct the gtatiatics

needed for a complete description; however, the mcan squace value, which is
the s2cond statistical moment, is usually obtainable, If the statistics of a
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random process are Gaussian, the mean square value provides a complete des-
eription, It is for these reasons that the mean square or autocorrelation
function of the vosponee is used as

<u?> e culx,t) ulx, 1> <L L o (x)e (%) €qu(t) ap (t +7)>. (11)
n m

The bracket < > implies an average over time only, that {s, u(x,t) is assumed
not to vary randomly with x. The problem is to determine the quantity
€qq(t) am(t +7)> in Eq. (11). It can be shown® that

@
. r _.._.l____..P(“’ w
<q () g (t+7)> ,éo Zp(iw)Zp*(Te) ! "

wiiere P( o) is given in Eqs. (4) and (5),

1 W n

Z (iu) Mo ? {[1 - (o] g)?] B4 (2¢ 0/ z}!/z

!
and —(—)— is the complex conjugate of

1 Wm
Z (o) M_o 2 [(u.m)]T’2

In evaluating the integral of Eq. (12) a simplification can be made if the
damping ratios ¢ are small and if P(w) 15 a smooth function as compared
with the resonant pcaks of the structure, In such a case, the largest contri-
butions to the integrand are those terms for which n = m, because near each
resonance o e o and the radicals in the denominator become very small,
Neglecting the terms for which n ¥ m, and substituting the result into Eq. (11},
the mean square response is

rtss

P\u)dﬁ«
2 =
cué(x)> = r
N z, l2
. n 2 4}1-&.'(_, ] [Z[ (u/u J)
or
2 w
w ¢

wllxp - £o2n [

n

(v}
.2 4 r ' 2] ° e 'R
M J [ “le/e) ] + [z en(“/‘“”,}
1f P{w) = const., no further assumptions ne=d be made becatge each

term in the foregring equation is easily integrated. Rememboving that the

o S “,‘M'nﬂ|xml.muﬂnmﬁlmnm-~,~.i\'=‘r B
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integrand is a function with very stcep peaka at each o

pe another simplifying
agsumption may be made, Since the integrana nag steep peaks near « = oY)
the main contribution to the integral comes where P(w) = P(un) g0 that a
good approximation can be made it P( ) is taken a» P(mn) = const. for each
term. Then,

24 2

2 n n ™
(x> = Y Plu ).
n Mple 3 4¢q n

A similar expression has been derivc’d.4 Making the substitution into this
equation for P(o n) ag defined previously gives

d<CL2> W "4
2(x)> = — Y SRR o7
U (a2, 3
n °n'n
It follows then that the mean-square bending moment along the missile in the

lift plane {s

decy ?> w,t [m ]

8U n 4n31]12un3 n

<:.12(x)>

where my, is the bernding moment in the nth mode. The mean-squarve res-
ponsce in the drag plane can be obtained from the above expressions if<CL2>
is replaced by <CD2> .

The other wind force acting per unit length along the missile is the
stcady state drag force which is definad as

FD(x) =Ch ql(x) ¢{%)

whare Fp = steady state drag foree

Ve ctaeda b ia ! e R N,
B S nanan .:.c‘.d‘, céatn do > 1 1 e

¢(x) =dynamic air pressurc at station x,

For missiles exposed to a random gust environment, the relation between
the speetral dengity of the steady state drag force and the spectral density
of the gust velocity is given in the Appendix,

For purposcs of analvsig, assuming the air flow around the missile to
be twe-dimensional, the responses in the drag and it planes are added

vectorallv, For example, the peak displacement of the missile at station
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x, u(x), is defined as®
2 1/2
u(x) = | (up + 3“01)) + (MOL)Z]

where Yp = steady state drag displacement
Ugp = Tms value of the oscillatory drag digplacement

u,p, ™ rma value of the oscillatory lift displacement,

It is assumed that the oscillatory lift and drag displacements have
normal distributions. The rms values of these responses are equivalent to
the standard deviations (sigma) since the means are zero, Hence, a 3-sigma
value of the oscillatory displacements is uscd {n the foregoing equation, which
gives a confidence level of 99,73 percent. That is, 99,73 percent of these
random oscillations are within the peak displacements, Since the oscillatory
components of digplacement are assumed to reach their maxima at the same
time, the foregoing equation should be conservative, It checks closely with
the peak displacement observed in the missile model with a rounded nose cone
uscd in the experiments reported.z' 3

In & similar manner, the resultant bending moment, MR, ig defined as

5 1/2
+ (3?\10L) }

where Mpy = steady state drag bending moment

o
—
u

op © TME value of the oscillatory drag bending moment

=
=
i

oL T TmS value of the oscillatory lift bending moment,

EXAMPLE

An indication of the actugl full-scale order of magnitude of bending
moments that can be induced by a strong ground wind (effectively steady sta‘e)
acting on a larges ballistic missile can be obtained {rom Table 1 below, In
this case, & typical intercontinental type of ballietic missile is assumed to he
erccted on a surface launcher in the vertical position and exposed to a uniform
60 mph wind. The mean drag cosfficient is taken as C. 55, and the predominant
cemponent of orcillatory regponse oceurs at the frequency of the first bending
mode of the missile, for this case, 2.4 rad/sec. The actual bending moments
at several pointg on the missile are computed to be ag 2llows:
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BENDING MOMENTS IN A TYPICAL MISSILE

TABLE |

EXPOSED TO UNIFORM 60-MFH WINDS

Distance From Bending Moments, in,1b X 10°3
Missile Bace, Mp Mgp Mgy, MR
2 15,07 19,54 63.50 72,32
150 9. 82 14,10 44.8¢ 51,59
350 4,84 7.33 23.80 26,75
650 ¢, 8 0.78 2.52 2.97

As can be seen from these figures, a sirong ground wind can easily impose
loadings on a missile that could be catastrophic if not taken Into account in

the structural design of the airfvame o if the missile is not otherwians pro-

tected,

development versions of large ballistic missiles have had to be protected

There have been many instances in the past wnere rescarch and

from damage by ralsing the crector or returning the gantry to ite position

over the missile when heavy winds avosz during prelaunch testing or flight

preparations. Sufficient structural striongth must be given to operational
missiles to avoid restricting their use under certaln vwind
common for space vchicle boosters to be ground-wind limited,

-
cona

itions, It is

After a

missile is launched, the body bending mode frequencies increase sufficiently

that the response due to random vortex shedding is negligible,

This is due

to the deercase in the power spectrum (Fig, 2) at higher frequencies,

o
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APPENDIX

A RELATION BETWEEN SPECTRAL DENSITY OF STEADY STATE
DRAG FORCE AND SPECTRAL DENSITY OF GUST VELOCITY

The probium considercd herein is the detcrmination of the spectral den-
sity of a steady state drag fovce {rom the spectral density of gust veloeity, The
problem {s not completely trivial since the steady state drag force involves the
square of the guat velocity,

Two major assumptions will be made: (1) the process ig stationary, and
(2} the gust veloeitics are distributed in a Gaussian manncr, Strictly speaking,
neither of these assumptions is true, The first assumption is cquivalent to
agsuming that the gusts persist for a long time cempared with any of the time
constants of the svstem thev act on, and therefore teansient effects are
ignored. Gusts are assumed to have greater periods than the lowest period
of the missile, 'I'hc second assumption is approximately true for large-secale
turbulenee. Since most of the energy convected by turhulence s associated
with eddics of small wave number, the assumption of a Gaussian distribution
is reasonable. In any cvent, these two assumptions &llow some progress.

The steadv statc drag foroe ie related ta the veloeity via the cquation
Fp= /20 Cpyatl (A1)

where the symbols have the conventional meaning. It will be assumed that Cpy
ie effectively constant over the Revnolds number range associated with the
instantaneous values of U, Otherwise, »quatior (A, 1) is not valid. Let

Fn

= e nd U=y ’ ,.
F 720 C oA » and Vo (A.2)
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where V is the mean wind veloeity and v is the random gust veloeity., Then
F=u?=vieavvt)+ i) (A.3)

By virtue of the agsumption of stationarity, V must be independent of time,
The autocorrelation function of F is calculated first, The symbol < > will
denote an ensemble average,

<F(t) F(t+7)> = Rp (1) = [vz €2V vit) + vz(t)]

[vz+zv Vit +T)+vE (b4 T )] (A.4)
J

so that
Rp(7) =< v eav? vt +7) + vEVE (o) +2vd vty + av? wt)
vt +7) 2V () vEt 1) +vE VR + 2v vE(t) w(t +T)

+ vz(t) vz(t +T)>.

By virtue of the definition of v from Eq. (A.2), < v > =0, Thus

Rp(T) = Vit vie vt (tar)s v avicv(t) vt + 7)> + 2V

cv(t) Vit +T)> + V2 evB()s + 2V evB () vt + 1) > (A, 5)

+<v2(

t) vz(t +T)>

Duc to the stationarity assumption vz(t) cannot depend uporn time and
therefove
2( 2eer)> .

<y (t)> = ey

Since it {s assumed that v is distribut2d in a Gaussian fashion and since the
Gaussian distribution is symmetrical ahout the mean, all odd order central

moments of v vanish, Therefore,

< v(t) \'Z(t +T)> =<v2(t) viteT)> =0,

Equation (A, S)now takes the form

Z(t +T)>

(A.6)

RF(r; =V s 2\’2 <‘v2(’.>> + 4\’2 cv(t) vt +T)> + <v2(t) v

13
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and

ev(t) v(t+7)> =Ry(T)

is the autocorrelation function of v,
" Ihe mean square value of v {5 € vZ(t)> and is given by

<v¥(t)> « R (o),

and there remains only the discovery of a form for <v2(t) va(t +7T)> Itisat
this point that the assumption of a Gaussian distribution plays a crucia. role.

A Gaussian distribution is completely deseribed by its first and second moments

(that is, by the mean and standard deviation). Therefore, all of the higher
muments are expressible in terms of the autocorrelation function R,. As will

be seen later, R, is related to the spectral density of v, 7 The following can

be written:®

<v2(t) vz(t +T)> = <v2(t)> <v2(t)> +2<v(t) vit +T )><v(t) vt +T)>,
Combining all of these results, Eq, {A.6) becomezs

4 .02 2 2
Rplt)=v e+ 2viR (o) +4v? R (7)+R, (o)+ZRv2(t). (A.7)

The Wiener-Khintchine theorem is used for ihe spectral density of ¥

o0 [oe]
-i2nfT ¢
PL(f) = Jf Rp(7) e M0 gr = fv‘* + ZVZRV(O) + 4VeR (1)
- -QD

+ sz(o) +2R 2(71) ] gmi2rfT 4o

and .

P(f) = J.Rv(r)e'ﬂ"”df

-0

It is also noted that

Lo
[e AR 5 {f)

J
" -
.l i2nfT
R(T)= | P2 Tar,
-0

One more regult (g needed from the theowwe of Fourler transforms: (f F(t) and
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G(t) are Fourler transforma of f{x) and g(x) reapectively then
® rm
Srocw e ars Loy ) tx- 2 dn
et o -

or the Fourier transform of the product of F and G is the convolution of f and g,
Thus
4 2 2 2.,
PyD) = [ v* +2v2R (o) + R, (oﬂl s(6) + 47 E i0)

M

(A.8)

[e 4]
+2 J‘Pv(f-,,)Pv(,,)dn
1 o)

It is recalled that Rv(o) is the mean square value of v and therefore
fe o}
<> <R (o) = [ PO af.
X

The spectral density of F i8 thus related to the spectral density of v,
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The Kesponse of a Flexible Missile to Ground Winds

L. L. FONTENOT

GENERAL DYNAMICS/ASTRONAUTICS

ABSTRACT

This puper presents tocchniques for estimatiny ground wind derign loads of
flexible missiles, In Section I, an expression for calculating the power spcc-
tral density of the drag force ncting on the missgile is formulated. In Section
II the response of a flexible missile to ground winds is discussed anc a
simplified approach to the problem noted, In Section IlI, the design response
of the missile to ground winds Is formulated, A rational approach to combine
the gust problem and the vortex shedding problem is pregented,

INTRODUCTION

A missile in the prelaunch condition, that is, erected on a launch pad
(Fig. 1), might be exposed to ground winds that give rise to oscillatory forces
acting in a planc normal to the direction of the wind, as well as steady and
oscillatory forces acting in the direction of the wind, The wind V(t) i{s defined
as a steady mean wind Vg plug an unsteady wind v(t) which is assumed to vary
randomly with time (Fig. 2).

Generally, for Reynolds numbers > 10 , the steady wind induces nscilla-
tions of the missile that arc predominantly perpendicular to the dircction of
the flow, This in turn glves rise to large oscillating digplacements and bend-
ing moments in the structure. 12,3

The unsteady wind v(t) induces osciiiatory forces that act on the missile
in the direction of the flow. To bc sure, therve is an interdependence between
the oscillatory forees induced by the steady wind and those generated by the
unsteady wind, Unfortunately, however, nothing is known about this influence
at the present time,

The problem considered in this paper is the response of a missile to
ground winds, The methcds employed herein can be obtained in greater
detail, *
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THE POWER SPECTRAL DENSITY OF THE DRAG FORCE *

Several authors have presented the power spectral densaity of the hori-
zontal component of gust velocity at low altitudes, > The drag force acting
on the missgile, however, ie a function of the squarc of the gust velocity. Thus,
to ascertain the respornse of the migsile in question, it is firat necessary to
determine the power spectral density of the drag force which is a function of
the power spectral density of the gust velocity.

It will be assumed that V(t) is & sample function from a random procesgs
that is stationary and ergodic, and the gust velocities are distributed in a
Gaussian manner. None of these assumptions is quite true, Stationarity
implies that the probability distributions of V{(t + T) in the sample space ave
identical with those of V(t) independently of T. This is also equivalent to
assuming that the gusts persist for a long time compared with any of the
time constants of the system they act un, und consequently transient cffecte
arc ignored, The ergodic property implies that a statigtical average V(t),
or any function of V(t), over a sample space can be replaced by a long time
average over a single sample function, The assumption of a Gaussian dig- *
tribution is approximately true for large scale tur‘bulence.6

Consider the lateral motion of the missile as shown in Fig, |. The
applied drag force per unit length can be expressed as

f(x, t) = % p ¢y Nix] D(x) [vm]‘ 2 (1)

J
whnerve
P = mass density of air
D(x) = missile diameter
Cp = drag coefficicnt
V(%) = total wind velocity = Vot v(t)
vV, = mean wind velocity
v(t) = random gust velocity (zero mean)
N{x; = nondimensaional wind profile,

It will be assumed that Cpy i8 constant over the Reyroids number range ag-
sociated with the instantaneous values of V(t),

Equation (!} can be rewritten in the form

f(x, ) = F(x) {V(:ﬂ Z - Fix) !LV"Z +2v_vlt) + V¥

1.
] )
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where

F(x) = .;- PN(x) B(x)Cp

The autocorrelation function of f(x, t) is defined as

tix, t) !‘(x,t+'r)*-. Rr(r) = [F(x)] 2 [VOZ +2V, vit) + vz(t)] '

q

2 2
[vo +2V v(t+7T) +v (t+r)} .

Expanding Eq. (3) yilelds

RAT) = [F(x)] 2 ["04 +sz3 vit+r)+v 2Vt eT) 2v03 w(t) +

av PuviteT)+ 2v_ v(t) Vit rT) e v 2 R+ (4)

2V, vz(t) vit+T)+ vz(t) vz(t +71) .; .

But, v{t) = v(t ¢+ ) =0, which follows bv definition of v(tj and the assumption
of statlonarity. Thus, Eq. (4) »comes

2 4 2 2 2 . iy, 2
Rf(T)-[F(x)] [Vo tV,v (t+‘r)+4\’o V(t)v(t+‘t‘)+2\/0vu)v (t+7)

+V, vz(t) +2v, vz(t) vit +7) + vz(t) vz(t +7) . (5)

Frorn the etationarity sesum

Now v(t) is assumed to have a Gaussian distribution, which is symmetrical
about the mcan; thus, all odd order central moments of v(t) vanigh. Hunece

Zo4t) = VA wlteT) = 0O

vit) v

which follows from the stationarity assumption.

( )= LIM 52 ¢ ( ) dt.
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Equation (5) now assumes the form LI
H

a

2 2 3

RAT) = [F(x)} 2 [vo“ +2v 2 VR + av 2 vy viee Ty 4 v BB T :

(6) =

Now, by definition 3
d

3

Rv(r) = v(t) v(t + T ) = autocorrelation function of v(t):

Rv(o) = vz(t) = the mean square value of v(t).

A Gaussgian digtribution is completely derscribed by ite first and second
moments (mean and standard deviation), Thercfzre all of the higher moments
ara exnreesihle in terms of the firat and second moments, Since the mean
of v(t) {8 zcro, all of the higher nioments are expressible in terms of the
autocorrelation function Rv‘ It is easily shown that’

Vv e+ T) = vA(t) - VBt 2 vt vt + T) - vt v(t+T) . .
From the preceding properties, Eq. (é) agsumes the form

RAT) = [F(x)] 2 {vo“ +2v %R (o) + 4v 2 R (r)+ sz(o) + zavz(r)]

(7)
N [F(x)] z {[voz + Rv(o)] 2, 4v02 R,(7) + ZRVZ(T )> .

The power gpeciral density of the drag force ig defined as

[e)
Sdo) = 4 f R(t)e ietqr, (8)

-
Substituting Eq. (7) into Eq. (8) ylelds

0¢]
T2 -ie [
S¢(=) :[F(x)]z 4 f[v02+nv(o)| Ze wrdr+4|F(x]z v ¢
J {
-

-
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‘ However,
® _
J' T dr s (f) = dirvac delta function
-m . .
@
f(t)df-—l, 2nt = o '
-
™
-J; fRV(T)e loTyr =§ (o) by definiticn
o
[«8 T ) o0
P 20y om0 N ) ]
1 [RAm) ™ dT =2 8 (0)8 (0 wp)de
T Ys o
Hence, Eq. (9) b2comes
- r R l 2 (r 2 2 5 f 2
Selw) = !b(x)J <|Lv0 + Hv(o)] _ﬁL +4V 8 (v) +
‘o L
. +‘/-Sv(()l)s (u ul)dul )
-0

and for frequencies other than o = 0, Eq. (10) assumes the forns

r
|

2
Sf(u #0) = LF(X)] 4\','02 Sv(u) +j£nsv{ L.»I)Sv(c;- wz)dul} .
/

The power spectral density of the horizontal component of gust velocity is

given ag? (Fig. 3)
TANH b
Sv(“) =8, —=
©
where
0.02Ch V 7/3
i o
Ay
ZZ 3
AR 2
b, = §.22
1 o2
o

Z = elevation above the ground.

45

(1)

(12)
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Another power gpeetral dangily of gust veloticy that is quite useful is the well
known expragsion for isotropic turbulence (Fig. 4)

a,b
s (o) = 22 BED
v 2 .. 7
) 'P‘DZ
where
2
20,
a, = 4
z *
A%
b, = —>
. L
o, = vaviance of turbulence

L = scale of turbulence.

The variance of the turbulence can be calculated in terms of Vo from Eq. (12).
Equation (13) gives only the frequency content. The variance of the turbulence
is cefined as

e o]
T .
Rv(o) =, 3 fsv(o)du (14)
-0
Substituting £q. (12) into Eq. (14) yields™

- 2/3
Rv(o) =4,5 a]bl =1,55 Ve (15)

Note that the variance is independent of Z! The expression given by Eq. (14)
will be used in £q. (13) for subsequent calculations, Introducing Eq. (12) in

Eq. {10) gives

2 2 a. TANH b,u
Sgle) = (F(x)} ;‘_[voz + Rv(o)} s +av E !

L s o 573
[0 e]
TANM bw: TANH b,(o- o) A
+alz } 5/3‘ : ‘,/3 ! do,y (16)
‘o o) (v - ul)"
but the convolution integral is given as
, ® TANH by, TANH b(u- o))
a <73 577 9 ey
fw o] (- w!)

. /3 siv e S

=/ 3
zina bl’/’('blw,‘» COTHble (—1 sm%’o ,

n
n=1,3,5, ..

)
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where

. . 1
TAN 6+ ——

Hence, Eq. (16) agsumes the form

2 )1 2 2 2 TANH bim
Sel«) = [F(x)] = [Vo + Rv(o)] s(f) +4V " a, _.__37.3_

y (17)
SIN 6,5 3
2, 3y 2 (83 .. 5
+4‘H€’1 b1 (W COTHb,w (% SIN-S 6n s
n=1,3,5,..
and for frequencies other than o= 6, £q. {17) becomes
a, TANH bo 2 5/3
2 1 a2y /3
Syl @ #0) = [ x)] v __:573___ +4ma" by (bx“”>
\ {18)
SIN 6, 5/3 .5
L coTHbe ) (AR SIN 6, )
a=1,3,5, .. I
From Fig. 5, it is apparent that for mean winds between 30 and 60 mph
TANH b, o 573
v Za 1 > 4‘-'a 7/3 ) !
o] 1 5;3 bl.)'rr
w
5/
- SINvp 73 s
‘COle!«-/Z (—)  sIN g,
5=1,3,5,
which is attributed mairly to the fact that V_2 >> R (o).
Therefore, Eqs. (17) and (18) can b approximated with very good accuracy
by
r 1’].{ 5 12 5 1'\\Hbc|
Sl [F(xj] { < R (a)i  5(f) + 4V _“a N (19;
[Pl (3 Woh 0 Bl TEI
C J , J ¢ :
and (Fig. §)
/ Y
1z TANH byo !
! : 2': ! I
fl(,#Cx I’x)l CAvVTEy s - Lev
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Substituting Eq. {13) into Eq. (14) and following a similar linc of reasoning, it .

is easily shown that the power spectral density of the drag
the isotropic turbulence spectrum is given by:

force in termsa of

3 2
2 2 4V, "a,b 2ra, b 1
1 2 1¢ ..., o %272 2 2
s ~>=[p(x>] v Z2er @) i 2 (21)
f( Tl'o v J w2+b22 o +{2 2)2(
/
and (Fig. 7)
2 2, )
2| 4V a,b 27a’b
sde 7 o) =[F(x)} 2 . 22 (22)
v +b22 ‘-’""(sz)z
\ /

It is quite obvious that for winds between 30 and 40 mph

2
4y “a b 2ra, b
5s 2 2

w2 +b,? wz+(2b2)2

‘This can be demonstrated in the following manner;
2 2 2] o 2, . 2. 2]
4\0 a2b2 [ +(2b2) ] >3 Znaz b?_ ;hw + b2 J

or

But from Eq. (15),
R, (0)=1.55V .

Therefore

since
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Hence Eqs. (21) and (22) ean be approximated with very good accuracy by

{ .2
T2 i1 {2 12 4V, 8b,

gf Sr(w)% [‘F(x)} <I ; [\0 + RV(O)J + W . (23)
k e P 2
’ and ,
= 4V “a,b

Sl #0)= [F(x)] 2 70_173—} . (24)

wo o+ b
2

THE RESPONSE OF THE MISSILE

Experimental and theoretical studies indicate that the missile can be
represented adequately as a nonuniform beam (in stiffness and mass distri-
bution), for the purpose of calculating {ts response to ground wind turbulence.
The basc of the missile {s supported by a torsional and a lateral spring which
represent the launcher constraint (Fig, 8). In many cases, it is adequate to
consider a rvigid missile with flexible basc constraints,

These svstems, in gencral, are very lightly damped. Aerodyvnamic
damping, in many instances, can sssume greater values than the system damp-~
ing, A conservative approximsation i{s to neglect acrodynamic damping entirely.

The principles of the analysis of structural rosponses to a stochastic
forcing function is well known in the literature on Brownian motion, aircraft
gust loading, cvte. The reeponse of the missile to ground wind turbulene» is
but a short exteneion of these principles, and can be foond in any text on
generalized harmonic analysis: in particular, a closcd form solution for the
response using £qs. (19) or (20}, arnd Eqs., (21) or (22).4 These expressions
are quite lengihiy and exceedingly complicated. If the damping ratios are
small, a derived expression can be used for the ront mean-square-responsc
of the missile, ?

The mean-gquare of the displacement response of the missile {s given

OFg
. 124 2 ; \
; - [vr(."()j W Selun #0) )
ut(x, t)__z Z . 2 3. r - Z (‘27)
r=1 Mf el Oy tl«gx)
whoet

M . generalized mass of the rth mode

| ¢ = modal damping ratio

| vt natural (angular) frequency of the rth mode

or(x) = rth principle mode of oscillation
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and f -
Wr = f F(x) ¢r(x) dx
(<}

F(x) = ?p N(x) D(x) CD .

S w¥#0)
Lquation (18} ov Eq, (22) yields ~————=— . The mean of the diaplacement
reaponse ig aimply [F(x)]
N
w
—_— r
T e ) — e v, JOIE (26)
r=1 Mo “r' L

DESIGN TECHNIQUE

It was previously customary to specify the ground wind condition in
terms of a mean wind velocity and a gust factor. The mean wind velocity can
be conslderad as the five-minute average velocity which is reported at hourly
inte.rvals by all weather stations. The turbulence is described in terms af a
power gpectral density and a probability distribution. Very lttle information
is available about the latter, however. Tha gust factor is simply an attempt
to replace the probability distribution. For example, Sissenwine !0
on the bagis of several special studies

reportg,
, that peak one-second duration gusts
will not exceed velocities fifty percent higher than the steady wind, In this
case, & wind criterion of 40 to 60 mph describes a wind condition in which the
average wind speed is 40 mph and the gust factor is 1,5

In the past, design information was obtained by caleulating the response
of the missile to mean wind values and arbitrary discrete gusts which were
congidered to occur rarely; I the inclusion of vortex shedding cffects were
practically nonexistent until quite recently. This was due mainly to the lack
of reliable experimental data,

In this section, a method i{s presented whereby the design responge of

the missile to ground winds can be estimated, The usual criterion of a steady

wind plus turbulence is emploved, and the effects of random vortex shedding
are included.

Consider the following definitions:

Ru: = Quasistatic design respense {acting in the direction of the
fluid flow)
N Wp o (x) Y
- —_— (G Vo),
r=1 Mp @ r
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G = gust factor

R, ~ = dynamic design response {acting in the direction of the fluid
flow)

R. ~ = dynamic design response {acting perpendicular to the direction
of the fluid flow

w = dJdisplacement of the missile normal to the direction of the

fluid flow
O = variance (root-mecan-squarce) of the quasistatic displacement
responsge (acting in the direction of the fluid flow)
_\/'( E WeWo é(x) & (x) . 2(0)\
2z 2 v
ooy MM o 8o /

O ° variance (rms) of the dynamic displacement response due to
random atmospheric turbulencs (acting in the direction of the
fluid flow)

. 2.2
\/‘— N [ér(x)J W, Selop #0) )
LD
= - 2 2
HER T (7]
s T variance (rms) of the dynamic displacement response due to
random vortex shedding (acting in the direction of the fluid flow)
1,2,3
— R 2‘_1 2 . ]
Vi § Ll e
\ 8\’0 rei Mt‘zut‘3;r \ Z.’VO I

d = reference diameter

CLZ = mean square lift coefficient
C_DZ = mran sguare drag cocfficient

w _d
r

21-.\'0) = normalited power spectrurn (Fig. 9)

B

Experimental data indicate that T s and Tvs 2T€ nearly in phase, 2,3 It
[PA B =3 -

will also be assumnd that o, G is in phasge with both o and o . Hence
uls AV S WVE
- , (27)
%G * %uvs T Ty~ 27
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Agsuming that the probability of exceeding the dynamie design response Rw-
by Aoy is the same as the prohability of exceeding the dynamie design

response Ru~ by Ao, requires that

a o
e
R, -T;"ii R, = __i:_..__ R, . {28)
~ ~ 5 ~
U~ (Tus uvs

Thie assumption i8 not grossly in error since experimental data geem to

indicate that th,e peak displacements, for uniform flow, reach thcir maximum
at the samc time.

Now assume that the probability of the quasistatic response exceeding
the quasistatic design response is the same as the probability of the dynamic

responee Oy _ excceding the dynamic design response Ru

. This {mplics
that

Ry =m t Ry -m

) T (29)

A resultant dynamic design rocsponse will be defined as

1/2

4
|
U~ W j ' (30)

Substituting Eqs. (28) and {29) into Eq, (30) vields

2 /2
T 1 CAPRE - S|
S . R R Rt S
(UuG + Guvs) L o

usg

(31)
The results given by Eq. (31) are based on equal probability concepts and
normal distributions.q

Figure 10 {llustrates the design process considered
herein,

CONC LUSIONS

A method for vstimating the dosign response of a missile to ground

winds is formulated. Aiso, » rational approach to combine the gust problem

and the vortex shcdding problem is presented, It is hoped that such an znaly-

sig will prove useful in the degign of missilces and stimulate more research

along these lines. It should be kept in mind that the assumptions used in the

precoeding analysis are die mainly to the lack of reliable or limited acro-

dvnamic data. Neverthelesr, it Is believed that the analysis is congervative

under these clrcumsiances,

e
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J In general, ground wind spectra are not defined to the degree that an
average wind plus a gust spectrum can be used for design information in
place of the average wind and gust factor. More researeh information is

)T

needed to ascertain the form of the input spectrum, expecially at high fre-
quencies,

i
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Persistence Factors in _Sérial Wind Records

B. N. CHARLES

AEROSPACE DIVISION
THE BOEING COMPANY

ABSTRACT

In applying climatology to design problems a common purpose is to egtimate
hardwave performance under future environmental conditions. A fundamental
question, therefore, concerns the extent to which a given sample of climato-
logical data is representative of conditions to be experienced in tne future,
This necessitates defining the equivalent number of independent observations
contained in a serial record of arbitrary length. This number can be estima-
ted by use of a quantity termed the 'persistence factor,'S. The quantity
(25-1) is roughly cquivalent to the average time span during which individual
observations are statistically represcntative, Estimates of (25-1) over the
southeastern United States are presented herein, as derived from a serially
complete collection of once-daily upper winds covering a five-year period,
The rvesults show that in the altitude vange from 25, 600 to 50, 000 fret, the
quartity (28-1) ranges between 3 and 8, depending upon season,

In applying climatology to design problems, a common purpose is to
estimate future environmental conditions for hardware, Available data
collections for the paramecter of interest are used to compute frequency dis-
tributions, mean valuee, ctandard deviations, etc,; and pertinent laws of
mathematical statistics are used to estimate rigks of encountering various
large magnitudes of the parameter that arce related to design or performance
criteria. A fundamental question, therefore, concerns the extent to which the
available ¢ata ¢ollection (which, after all, is an aggregate of hindsight) is
representative of future conditions.

Th+ rmathematical statistical laws gonerally used are based upon random
(that 1s, independont) evente, whorong enrial unper wind data exhibitg the
appreciable autocorrelation typical of many geaphvsical time series, That is,
with auto- (or scrial)} correlation, a specific obwervation is partially deter-
mined by its predecesesor(s), and uartially determines itg guccessor(s), The
individual obscrvations arc therefore dependent, and the !

the laws of random events
cannot te jegitimateiy applied without modificaton,
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Since the correlation decreases with incrcasing time interval between
observations, ultimately approaching zero, it is possible to extract suitably
spaced observations from a complete time sevies that are indeed independent.
Or alternatively, available observations during the appropriate time interval
can be aversged ard taken as a eingle observation.

These considerationz have led to the concept of parriatence factors
which relate to the cquivalent number of repetitionsz or equivalent number of
independent obgervations? contained in a time series. In the notation of the
latter reference, the equivalent number of independent observations is ap-

1

proximated by:

L (1)
28 -1

N =

wher= M is the number of equispaved observations, and S is the persistence

factor given by:

S=1+z-pJ (2)

where the pj are the serial correlation coefficients for lags j, defined for a

sample with mean X’\‘I and gtandard deviation o, as:

M - j = =
. . (X - X)) Xy 4y - Xy) 3

j (M - ) o, ®

The quantity (25 - 1) is approximately the average number of time unit
during which an individual observation {8 representative. Cenceptuzlly it ig
equivalent to Baricls' appropriate statistical time unit, U since observations
geparated by this time interval will be substantially independent.

The literature concerning the persistence of meteorological time geries
is substantial, but barely touches the upper wind parameter, The reasons
for this deficiency include:

1) the lack of scrinlly compilete data collections covering lengthy

periods of rccord,

2) the great magnitude of computational effort invelved in analyzing
even a quasicerially complete data coliection, and
the relative rrithmetic complexity of treating vector, as opposed to

.
~

ecalar cuartities, and the unknown sampling distributicn of vecior

.
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. The preparation of a suitable data collection by the Office of Climatology
of the U, §, Weather Buteau, 56 and the availability of high-speed digital com-
puters in the U.S,W,B. - Sandia Corporation Cooperative Project in Wind
Climatology, 7 corrected 1) and 2) ahove, for much of the North American area.
Further, a result of the Cooperative Project was the gubstantiation of the
British finding58 that wind correlations could, for ali practical purposes, be
considered in terms of the relatively simple atretch vector correlation co-
cfficient up to &\ least the 100-mb level, without serious loss of information, 3

thus permitting minimizing of 3) above,

ey M TR PR

For present purposes, there was the additional happy circumstance that
the calculations performed by Sandia Corporation included the stretch vector
correlation coefficients for lags from one to ten days., They were computed

from
M-

(= (g ug g+ vy vygy)
g, = > > (4)
(M- ) (g% +0%)

where u and v are departures of the zonal and meridional wind components
from their vespective mean valucs and o, and o are the respective standard
decviations.,

The ensuing discussion is based upon these coefficients as obtained from
the serially complete wind data collection ranging from 950 to 30 mb for the
31 statiorns shown in Fig. 1 for the period March 1951 through February 1956,
We are primarily interested in Montgomery, Alabama. Although {t {5 neat
the odge of the data ficld, it is adequately surrounded by neighboring stations
for analvsis of a parametric ficid,

Figure 2 shows iscpleths of (28 - 1) for the winter geason., It should be

noted that although the lag corrclation coefficivats extendod to ten days,

co 2 9
did not converge to zero in all cases. Moreover, the simple stretch vector

correlation tends to undercestimate the total veector cm‘relation9

especceially at
the larger lags, so these igopleth values are somewhat legs than the true
valurs., The meanirg of the detail in the pattern shown is not at issue here,
although the speculations of svnopticians would be welcome, hut the figure
shows that the rather abstract paramcier (25 - 1 ) doeg exhibit a fairly regular
ficld over the region of interest, and moreover indicatra an vssentially con-
tinuous variation with altitude, Figures 3, 4, and S are similar rogults for
the spring, summer and fall scasons.

Figure ¢ shows vertical profiles of the quantity (28 - 1), It can be seen
that brtwean altitudes of 25, 000 to 20, 000 feet riear Montgomery, the values

vary between 3 and B, depending upon the scason, The horivontal gradient of
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(28 - 1), moreover, appears to be relatively large in this region, suggesting
posaible large variations in the parameter for individual years.

With persistence present in the serial wind record, the standard errors
of estimate of mean values and standard deviations are (2§ - l)! 2 times
larger than those computed by assuming the data to be independent, and .the
implications for reliability predictiong may be significant. Where specific
daily wind profiles are used to simulate missile dynamic responses, conai-
deration should be given to adequate time separvation of the profiles to avoid
redundancy due to uge of profiles containing identical information for statistical

purposes.
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Variation of Tropospheric Wind Vectors Over Short Time Intervals

ROBERT W, LENHARD, CAPTAIN, USAF
HENRY A. SALMELA

GEOPHYSICS RESEARCH DIRECTORATE
AIR FORCE CAMBFRIDGE RESEARCH LABORATORIES

ABSTRACT

Wird observations from GMD-1 soundings taken at hourly intervale for an

entire week in April 1960 at Bedford, Massuchusetts are being studied to ex~-
plore the variability of winds over short time intervals. At 12 km (38, 000 ft)
vartability increases with time up to 18 hours; the rate of increase decreases
with time. Quadratic regression {its the data slightly but significantly better

than linear regression, Resultant wind during the period was 259 degrees,

36.7 m/s with a standard vector deviation of 26,8 m/s. The quadratic re-
gression indicates an rms difference of 26.8 m/s in winds observed 14 hours
apart. Hence for general purposes observed winds can be considered representa~
tive for 12 to 14 hours. Regressions indicate a residual variability at zero

lag of abou' !12 m/s, A sample series of observations was analyzed for the

effect of the difference in balloon positions on successive runs, During this
period of strong winds, the standard vector deviation of balloons about their

mean position was 10.6 X and the rms difference in positions of successive
balloons was 13. 5 km. The contribution of this spatial separation of suc-
cessive balloons to observed wind difference is significant at the five~percent
level. Residual wind variability at zero lag appears to be due in part to the
spatial variability of winds and not solely ‘o okservctional error. A series

of hourly rocket soundings made with the ARCAS-ROBIN at Eglin AFB, Florida
on 9-10 May 1961 enables a first comparison to be made of conditions a* 85

km with those in the lower atmosphere, large diurnal wind varlation appears
to exist with variability reaching a maximum at a lag of 11 hours and decreasing
thereafter. Veriability increases more rapidly and is greater at 65 km than

at 12 km at lags up to 12 hours.

INTRODUCTION

This studv is the initial analysis ¢f a serics of observations of upper

alr winds as they change over short time intervaie. The main purpose of
this study was to evaluate data reduction probiems and the utilit of various

analyses., These topics will be discussed somewhat and preliminary findings
will be given on the variability of winds over short periods and applied to

evaluate ihe vbservations,
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DATA

General

The basic data is a series of AN/GMD-1 rawinsonde observations taken
at hourly intervals at Hanscom Field, 1 April through 7 April 1960, This ex-
periment is described in detail in the forthcoming GRD Research Note No, 60,
which will also contain listings of the data obtained. The winds usged {n this
study werc computed from these data.

Selection of Samples

For this analysis, a selection from the mass of data was degired, The
12-km level was chosen as one that appeared to have considerable variability
and to be somewhere near the leve! of maximum wind on many occasions. The
three-minute winds were selected for examination as being convenient for cal-
culating; the data point chosen was that one whosge central minute contained the
12-km level.

Finally, a short sequence of runs was desired and 2] soundings were
gelected. These were made between 0100 and 2300 on 4 April 1960 and were
chosen becausge they formed a continuous sequence of usabie runs and appeaved

to be in a jet stream reglme.

ANALYSIS

To find the hour-to~hour change in winds, the wind speeds at 8, 10, and
12 km were piotted, A sample sequence is gshown in Iig. i, The 12 km wind
is stronger and more variable than at lower levels; but, on occasion, this was
not the case.

Greater changes were observed in orie hour than are shown. Most of
them are of questionable accuracy, as are some on the figure. Note the peak
speed of 102 mps which occurred on the 1700 sounding. The elevation angle
at the 35th minute of ascent, at a height of 12, 330 meters, was 7 degrees,

It is probable that this value contains an appreciable tracking error; a wind of
200 knots seems unlkely,

The sounding for Internal consistency shcows gome [luctuation with alti-
tude from minute to minute of ascent, These fluctuations move about an in-
creasing and then decreasing trend; there is litle doubt that a wind maximum
existed somewhere about 12 k. The preceding and following soundings also

indicate that a peak veiccity arcurved a! about this time,
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Since a psak in the wind apeed seems real, and since the exact error in .
the observed magnitude is unknown, the reported value is retained, If con-
siderations of continuity and consistency had not supported the peak in the
speed, the sounding would have been regarded as erronecus and dropped from
any further calculations, This was done with several soundings, mostly
those with elevation angles as low as 3 to 5 degrees when the halloon was at a
height of 12 km.

DATA REDUCTION

Depth of Computing Layer

The dependence of the wind on the depth of the layer over which it is
averaged is a matter of some concern, To explore this, the wind speeds were
computed for one, two, three, arnd four minutes of bailuon ascent, corresponding
to layers that are one, two, thrce and four thousand feet thick. To have dif=
ferences show up graphically, an average of all four estimates of the 12-km
speed was obtained for each sounding in the short sample, The speed for
each depth was then plotted as a departure from that average, Thesec de-
partures are shown in Fig. 2. -

It {8 expected that the mean speed and the variability would decline as the
depth of the iayer over which winds arc averaged increased. Within the
vagaries of sampling, this occurred, For the short sample, mean speeds
were 53.8, 52.8, 53.0 and 51.0 mps as the depth of the layer increased from
one to four thousand feet. The rms vector difference in winds one hour apart
did not behave ag nicely, Values of 19,4, 17,3, 19,8 and 18.6 mps were ob-
tained as the layer thickness was increascd. A larger sample gshowed the
expected results. For the entire week, the rms changes ran 19.6, 14.3, 12.8
and 12.1 mps with increasing layer thickness,

Deviations From Nominal Positions

it would be convenient to be able to treat successive runs as being
exactly one hour apart and as sampling essentially the same point in space.
It was primarily to see if this could be done with validity that the short one-

day sequence of 21 runs was gelected, The strong wind regime with con-
siderable variabllity was chosen o give the maximum opportunity for sig-
nificance of effect to appear.

Considerabie spatial variability existed. At the first observation point
above 12 km, the standard vector deviation of the balloons about their mean
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position was 10.6 km. The root mean square vector difference between
succesaive positions was 13,5 km.

The vector difference {n wind speeds was correlated with the difference
in balloon positions and also with time differeuces between succeseive runs,
assuming linear relationships. The portion of the variance of wind speed
differences explained by the time interval was not significant; that explained
by the space displacement was significant at the {ive-percent level, The linear
partial correlation of wind change with time change was only 0.18; that with
space variation waa 0.54,

In this one-day sequence, at least, part of the observed variability must
be due to space separations of the successive balloons. Further investigation
of this relation is called for, and a multiple correlation of wind change against

time and balloon position may be necessary.

VARIABILITY
Short Sample

The lag effect on wind variability was studied using the one-day sample
as well as the entire record. The rms vector difference in three-minute
12-km winds was computed for the one-day sample for all possible lags,
assuming one~-hour intervals between runs. Results are shown {n Fig. 3.
Points beyond 17 hours are considered doubtful since only one to three
observation pairs were available for their computation.

The straight line in Fig. 3 provides a {it to the 17 lag points that is sig-
nificant at the five-percent level. The standard crror of estimaic i 2,8 mps,
A quadratic relationship is slightly, but no* significantly, better: the standard
error {8 reduced only to 2,7 mps. The re.ation of the vector wind change to
the square root of the lag is very nearly the same as the linear relationship.

These statistical {its do no! necessar.ly reflect physical relationships.
A Loundary condition for the phygical relationzhip being sought s that zero
variability occurs with zero lag in both time and space. The degree ¢ which
statistical relationships conform or can be reconciled with this boundary con=
dition {8 one measure of their probable reality. The most disturbing feature
of the linear relationship is the zero time rms of 22 mps., Either of the

curvilinear relations mentioned above reduces this to 18.5 mps; an excessively

large instrument error ig still implied,

The mean wina for the perioc was 32,3 mps and the stancard doaviatian
was 17 mps. Low-elevation angles would be expected, and did occur, so
wind error should ke great; but it shouid not be as high as 12 ‘o 22 mps., An
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approximation, based on an average height of 12 km and elevation angle of

8,5 degrees, gives an estimated rms error of 8,5 mps in wind and 12 mps in
wind change. The significant spatial displacements that have been mentioned
must have contributed to this zero time rms. The variability at zerc time
cannot be accounted for entirely by instrument error and space variability.
After some rough allowances for these, thc residual variability may be as
small as 5 mps or as large as 15 mps. This must be due to small-scale
fluctuations analogous to those observed on the continuous trace of several
hours of surfzce anemometer records curing apparently steady weather
situations. Turbulence does occur in the free atmosphere, and this particular
sample of wind is taken from a situation that meets many of the criteria listed
by Anderson! for a probability of ibove=-average turbulence,

It is difficult to resist making inferences from these results, partly
because they can be so dramatic, so it {s fitting to emphasize that the sample
from which these results were obtained was unique, This ger of oniy 21
soundins was made during a single day when the jet stream was certainly
overheid, There was a deep trough aloft to the west, a warm front passed \
during the period, and a cold front and low center passed early on the
following day. The analysis level was deliberately selected to show maximum
variability, and on at least one sounding an observation from the core of the

jet apparently was included in the saniple.

These results might not describe jet strezm conditions properly, since
a rather extreme situation was sampled. The results do provide an illus-
tration of the variability that can occur near the tropopause during one day.
With this {llustration, and with typical conditions near the jet stream in
wind, it can be said that observed jet stream winds cannot be reprcsentative
with any great precision. This {s true with perfectly accurate observatious,
and the iack of precision in representation will increase with an observation
that is subject to error, such as is obtained from the GMD=~-1A svstem.

Complete Series

For a more complete view, the rms vector wind differcnces were
obtained for the weex-long recccrd at lags of 1, 2, 3, 4, 5, 6, 9, 12 and 18
hourg, These values are shown as data points in Fig. *. The mean resultant
wind for the week wasg 259 degrees, 36,7 mps, and the standard vector de=-

viation was 26. 8 mps.

higher degree. The residuai dilference at zero lag cecreascs only slightiy,
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however. The third degree regression has a standard error of estimate of
only C.2.mps but the zero intercept is 11 mps. With winds of this speed and
variation, it {s unlikely that obaservational error accounts for 11 or 12 mps
of the observed variability, Some of the zeTo tirie rmas is probably due to
differences in the balloon positions.

Durltz, Spreena, and others have examined the behavior of ry, the
atratch vector lag correlation cocfficient. They have provided estimates of
d for use in the expression of the dacay of the lag correlation ry = exp (=dt),
A least~squares estimate of d was cbtained from the Hanscomn data and a
value of 0.5 wae obtained. Tiir {8 about twice the value obtained by Durst
and appreciably largesr than those obtained by Spreen., The uncertainty in
the estimate of d from this sample {8 so great, however, that it cannot be
sald to differ significantly from the values obtained by these other investi~
gators.

That the variability of winds increases with time proportionately to the
square root of tha 1ag hag heen noted. This was tested and the equation
shown by the dashed line or Fig. 4 was obtained., The standard error of
estimate 18 0,7 mps compared with 0.8 mps for the linear regression. The
idifference in the explained variability is slignt: 87 percent for the linear
regression, 98 percent for the square root regression, and 98,8 percent
for a cubic equation.

The excellent fit of the square root curve to the first four data points
is of interest. The zero lag residual variability of 6,8 mps appears to be a
better eastimate than that given by the straight line., This comes close to the
range within which the observational error might be.

Elimination of zero lag was tried by fitting an expression of the form
rms = dtP, The equation obtained was rms = 11.8t0.3 ang explained 96
percent of the variance, The J0-percent confidence limits for b were 0,15
and 0. 43,

It seenis thzat the square root relationship ia not a good description of
the observed data unless compensation i8 made for observing errors.
Arnold and Bellucci4 have determined the proportlonality constant empiri-
cally and find rms = 4t0.5 for lags up to 12 hours and velocity in mph, For
velocity in mps this conatant would be 1. 79, which does not agree with the
values of 5.24 and 11, 8 found in this study, Expansion of the analysis to
more levels might remove this digcrepancy. If it does not, further investi~
gation wiil be required to reconciie the difference.

REPRESENTATIVENESS

One of the ultimate goals of a study of short-term wind variability is to

182
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be able to stipulate the observational network required for any specific pur-
pose, The analysis made so far is not adequate for making {nferences with
any confidence, but the process of determining useful observational {re~
quencies can be i{llustrated.

For general purposes the climatological average wind is a useful standard,
The accuracy with which it estlnates specific wind is measured by the standard
vector deviation. The accuracy with which an observed wind estimates the
wind at a later time is measured by the lag rmas,

The standard vector deviation of the 12-km winds as observed was 26.8
mps. Most simply, this can be equated to the rms and the regression
equations solved for time, Estimates are obtained for how old an observation
{s when {t becomes as inaccurate as the clirnatic mean. The linear regression
gives an eatimate of 14,3 hours, the quadratic gives 13.7 hours, and the
square root yieids 14.5 hours, Thus, by this standard, otservations appear
to be representative for about 14 hours.

A more realistic approach is to use climatology appropriate to the plate
and geason rather than from the specific sample., The stindard vector
deviation is 22. 65 mps at 200 mb over Nantucket in March®, The lincar
regression indicates 10 hours and the square root relation 9 hours for the
length of time that observations are representative. Observations would be
represgentative for much shorter pericds when the application requires
greater accuracy than that obtainable from climatology.

ROCKETSONDE DATA

While this study was in progress, data became available from a serics
of rocket soundings made with the ARCAS ROBIN system that was comparable
to scme degree with the data being used herein, Details of the system and
data reduction will be discussed in a later papers. The data used for this
comparison consisted of wind velocities, by components, at 65 km over Eglin
Air Force Base, Fiorida, for 19 soundings taken between 193C, 9 May, and
1830, 10 May 1961, The intervals between these soundin;is varied between
36 and 176 minutes. By grouping according to ‘ime intervals, data pairs
were obtained for time lags up to 23 hours, Beyond 18 hours, however, data
pairs were too few to place much confidence in the average. Differences in
rms plotted against lag are shown in Fig. 5, The variability is greater than
that observed over Hanscom at 12 km and increases more rapidly with time
up to 12 hours,

The maximum of variability at 1! hours iag, and the apparent minimum
in the vicinity of 24 hours, indicate strong diurnal vartation, This variation
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was primarily directional: northeasterly winds prevailed from 2200 to 0800
and southeasterly winds the rest of the time. Such a diurnal variation of
large amplitude, if real and recurrent at these levels, would he of great
importance to atmospheric physicists and to missile engineers.

5,
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A Detailed Wind Profile Sounding Technique

ROBERT LEVITON

GEODPHYSICS RESEARCH DIRECTORATE
AIR FORCE CAMBRIDGE RESEARCH LABORATORIES

ABSTRACT

A mesthod of obtaining dctailed wind data from the radar track of a rising
balloon is presented. This method involves the usc of the AN/FPS-16 high
precigion radar and a small, rigid plastic sphcre, Data errors caused by
radar tracking errors and the nonresponse of the halloon to wind shears are
analyzed. Some examples of wind profiles are shown,

INTRODUCTION

Detailed information on the structure of the wind field n the atmosphere
is of considerable importance in the design and test of missi.e and rocket
systems. The technique currently in ficld opcration uscs &

2 ballvon track deter-
mined from a radio direetion finder, Considerable smoothing s employed in

this technique to provide information concerning the average wind through &
relatively thick layer (2000 ft) and as a result upper air wind profiles thus cal-
culated are not suitable for certain uses in missile design and t-sting, such

as for evaluation of responscs to gust foreing of the structural vibration modes,
This paper indicates the feasitiility of making precise measurcements of winds
through 100-ft laycrs from the surface to at least 65, 000 ft with a special,

passive, absonlutely spheriezal balloon and a precision tracking radar.

TRACKING CAPAEILITY

T he feasibility of determining precise, detailed wind measurements by
vadar track of an ascending balloon is a function of the radar tracking aceuracy
and response of the balloon to the wind, in particular te exirome wind shearsg

guch asg arc cneountered in zuets, For oxticre tracking accuracy, & radar of
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the characteristics and precision of the AN/FPS-16 is desirable. The FPS-16

" has a theoretical rms tracking accuracy of 0,5 yds in rénge and 0.05 mils

{0.003°) in azimuth and elevation angles. However, cperational accuraey is
probably not quite that good. An AFCRL evaluation of the radar data on the
RORBIN failing sphere program indicates an rms error of less than 2 yds in
range and about 0.1 mils in angles to be more realistic. Assuming the exis-
tence of these errors in the radar, Table 1 showa errors in wind apced (in
fpe) that can be expected over a five-second intervel, if a finite difference

reduction method was used.,

TABLE 1, RMS Speed Errors for S-gsec Time-averagod Sphevre

Displacement
Wind Speed Height (ft) 20, 000 40, 000 60,000
Light 1.0 1.6 2.0
Medivm 1.6 2.0 2.3
Strong 2.0 2.3 2.6

It can be s:2¢n that the wind errors duz to the tracking errvors would average
about 2 {ps, somewnhat greater at the higher altitudes and i{n strong winds.
The FPS-16 radar is designed to produce position information on a

target at sample intervals of a period as shown as 0.1 sce, thus allowing for
some position smoothing if desired, and possibly gr-ater accuracy. The data
are rccorded on magnetic tape in a form suitable for processing in digital
computers, Tabulated position data in component form are also available for
manuzl data reduction. While the availability of the FPS-16 i3 rather limited,

each U, S, missile site has at least one,

BALLOON RESPONSE

To determine how accurately a rising spherical bailoon will regpond to
a given wind shear it is necessary to examine the forces acting on a balloon
and the reaction of the balloon to thege forces far any given atmospheric con-
ditions. Balloons that are not symmetrical both in shape and weight distri-
bution might be subjected to periodic lifting forces, giving rise to 'sailing, '
so only & perfect sphere will be consldered here,

A balloon in the atmosphere, whether it {8 rising or falling in its flight,
cxpariences three forces; namely, the bouvant force of tne displaced air mass
(Fy), the weight force on the balloon itself {Fy), and the drag force due to

=11
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the balloon motion relative to the surrounding air mass (Fp). (The coriclin
force is negligible,) FR can be written as pvzg wherve ¢ {8 the density of
air, V, isthe volume of the balloon and g the gravitational value, Fyy is
expressed as mg where m is the balloon mass including its gas, and FD
equale -l/ZPVZCDA where V is the balloon velocity relative to the air mass,
Cp the drag coefficient of the balloon and A the drag area, Fpy is exerted

in both the horizontal and vertical directions and its components can be
written ag =1/2 'v'ZCDA ("" ;X

and -1/2 o V2CHA (.%

, respectively, The
quantity W-X is the wind relative ¢o the talloon in the X direction (true wind
minus {ndicated wind), or the wind evror, while Z is the vertical balloon
velocity, assuming there ig no vertical wind,

In the horizontal, the only force affecting the balloon {s the drag force,
and the equation of motion can te written ag

¥ z. 2 X-W .
mX 1/2pv CDA( . )

——~
—
~—-

In the vertical, the equation of motion becomes

mZ = -mg - 1/2 ¢ VZCDA

Z-s
—V)+ PVE .

The J"f and Z terms are the horizontal and vertical accelerations, respectively,
Combining these equations ylelds
\ )
waox: —DX : (2)
m(Z +g) - #Vye

In the case of a rising balloon where hr rate of rise is relatively constant,
Z is effectively zero and the eguation becomee

W-%..—m¥z (3)
mg - 7 Vo8

For any given wind shear (S), W-X 16 a censtant, or W-X =k, Therefore
the following can be written

AW dX

T e 2 X

aw ;. 4
at at 4)

Sinec S is defined as the change in horizontal wind with height, then

TR IR TP AN AT R



IR IR i e, v M T ORI A

—a L

80 long as the balloon is not floating, or Z ¥ 0, Suhstituting in Eq. (3)
yieids

52
. b
ms Z ) (6)

We-x=- mg-ﬂvzg

For radar tracking purposes, a reflective, rigid balloon of some kind
would be required, Experience has shown that a nonexpansible sphericat
balloon made of aluminized mylar ig the optimum configuration becausc of
weight, tensile atrength and other considerations, including its ability to
withstand a certain amount of superpressure without distortion, The following
Table 2 shows the response errvor (W - }'{) in {ps for various thicknesses and
diameters of mylar balloons for a shear of 0,25 sec™! at 25,000 ft. (Such a
shear would rasult from a gust in which the wind vector changed 25 fps through
a 100-ft layer.) The rate of rise was assumed to ve 23 fps.

TABLE 2, Response Errors (fps) ve Sphere Construction

Diameter Thickness 1/4 mil 1/2 mil Ymil | 2 mil
1 meter 7 1.6 3.1 9,3 --
2 meter 1.1 1.7 3.0 9.4
4 meter 0.9 1.1 1.6 3.0

It can be seen that the error Increases with balloon thickness and de-
creases with Lellcon size, Therefore as large and ag thin a balloon ag possible
ig desivable, taking into account its capability to reach the vequired height,
its cost, the launching problems and trackability, The two-meter, half-mil
type appeatrs to best fit theee requirements at the present time. This balloon
would have an error of 1, 7 fps at the very large 0,25 gec™! shear.

No development effort will be necessary for thege commercially avail-
able balloons, A gas valving technique, enabling the balloon to remain com-
pletely inflated up to the maximum hcight attainable, has been demigned by
the G. T, Schjcldahl Cc. for a similar balloon used at the Pacific Liissile
Range {or radar calibration werk., Approximate cost of the half-mil, two-
incter balloon ranges from about $50 each for a small number (under 100) to
about $25 each for a large procurement {1000 or more).

Another possibility for cbtaining radar wind data is with the uge of an

expansible neoprene balloon with chaff dipoles achering to the inside film.
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Theoretically the W - X for this bailloon {800 gm standavrd siae) at 35, G600 ft,
for example, would be about 1.7 fps alzo, and cost of such = halloon would be
somewhat less than the mylar balloon described above, However, there is
grave danger of such & balloon having & tendency to 'sall! under certain

conditions of shape distortion and altitude, thus introdueing an uncalculable
““evror into the data,

FLIGHT DATA

A series of five balloon flights were made at £glin AFB, Florida on
6 and 7 September 1961 with a helium~={illed two-meter, half-mil mylar balloon
tracked by the FPS-16 radar. Wind conditions throughout the flights were
extremely light, Although time precluded a complete analysis of the data,
some interesting rcsults are evident. Figure 1 gshowe part of the profile of

Flight No, 3. Winds calculated over 5-second {ntervals through that segment
are shown in Table 3,

TABLE 3. Partof Wind Profile, 1706 CDT, 6 September 1961,
Eglin AFB, Florida

T
Height (ft) Wind Speed (fps) Dirvecticn {* from)
36387 24 18
36493 17 352
36596 17 22
36702 15 63
36817 0 -
36924 4 152
37033 25 64
37130 17 11 !
37223 71 61
37348 22 29
37479 15 50
37608 18 71
37733 22 68
37852 22 25
37951 18 9
38055 10 103
38155 26 83
3g2s? 33 63
18387 3] 56
38463 26 46
3857! 24 73
38695 21 94 :
38834 17 49 !
151
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Some rather large wind shears are tc be noted. It is believed that these
ahears are real, Figure 2 is a position plot of part of the profile in Fig. !
using the radar observations for each half second. The relative snoothneas
of this curve ienda to verily the previonsly indiecated FPS-16 tracking ac-
curacy., Figure 3 is an altitude-time chart for the period of the tlight shown
in Fig. 1. Obviously, further analysis of these and subsequent flights must
oe made before any conclusive statements on the securacy of the data from
this tracking technique can be forthecoming

CONCLUSIONS

From the foregoing discussion it appears that the technique of tracking
a two-meter, half-mil aluminized mylar sphere by an FPS-16 radar will give
wind data through a strong sheatv to an accuracy of at least 2 to 3 fps over a
five-gecond time interval, taking into account both the tracking and wind
vesponse errors. This accaracy can probably be improved by the usc of a
smoothing technique, with a aamewhat more sophisticated data reduction
process. Also, the wind response ervor can, if necessary, be evaluated
and a correction made as in the case of the ROBIN falling sphere, Thus, it
does not seem unreasonable that the ultimate accuracy of the radar-sphere
method can approach 4 fps for the {ive-sccond interval, perhaps allowing
ghears to be measured cver a thickncss a5 small as 50 ft,

In summary, some of the advantages from thc use of the technique are
as follows:

1. Tre technique proposed is simple and straightforward with high
reliability,

2, The instrumentation and techniques required are currently avail-
able, so that neither time nor money need be spent in design or development,

3. Necessary data are obtainable under all weather conditicns, thus
permiiting the dc--elopment of a representative climatology of precisz wind
meagurements.

4. Operating cosig are low, under $5C0C for 100 flights per year,

5. Computer programs are available for automeatic reduction of data.
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. Wind Measurement and Forecosting Problems at the Atlantic Missile Range

e b

MAJOR ROBERT L. MILLER, USAF

ATLANTIC MISSILE RANGE
PATRICK AIR FORCE BASE, FLORIDA

cive % e ey

ABSTRACT

A summary of the surface and upper wind launch criteria for the various
missile and space systems is presented. The problema and methods of fore-
casting winds to 110,000 ft are digcussed, The difficuliics assoctiated with

. wind measuvreaincuis and forecastsduring high winds and extreme wind shears
are discussed. The accuracy requirements of wind measuremente ag stated
by users of the Atlantic Missile Range are given,

In the consideration of wind forecasting problems at the Atlantic Missile
Rangr (AMR), it is necessary to include the measuring problems. Missile
contractors ask for general forecaste as many as 2 to 3 days in advance of
iaunch date ard continue until near launch time, wanting more detailed fore-
casts of thc wind profile as launch hour approaches, It ig obvious that ertors
in the observed winds will introduce similar errors in the forecasts. Under
wind conditions that approach the maximum allowable for a particular launch,

the go,no-go deecision ig based on A measurement taken as near to launch time

as possible, that is, in effect, a p:rsistence forecast. Knowledge of the trend

toward improved or worsc conditions is of course considered. In addition, the
observed wind profile taken immediately after launch is used toc detetmiine
whether ar nnt douiatinng :n the trajectar: or covformance of the missile weve
a result of extreme wind shears or speeds,

There are some fifteen active ballistic missile and space programs at
the AMR with vehicles ranging in gize from the PERSHING and BLUE SCOUT
to the SATURN ULeing prepared for launch this fall. It might be said that the
designors are regponeible for the fact that there are forecasting problems. It
a svsicin were designed to operate undet any extreme wind conditions there
would be no requirement for wind ferecasis. There are geveral good reasons
why all of the wind problems are not designed out of a partigular system:
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(1) the specifications do not call for demigning for the most extreme conditions,
(2) to deaign for tuch conditions would be costly both in inoney and payload
capability, (3) precise meteorological data on which to base design criteria
are lacking, and (4) weapons system boosters are being used in ways for

which they were not originally designed, for example, the ATILAS vehicle,

Most weapons systems being tested at the Cape, including ATLAS, are
duuigned to be launched in surface winde up to 60 kncts, including gusts. Some
of the complex orbital ana space probe systems are much niore wind sensitive.
Cne particular vehicle launched at the Cape could theoretically have been
affected by gusts with periods of the order of 0 & sec or less when the gervice
structurc was removed, The anemometers in use at the Cape have a rosponse
time of approximately 1 to 2 seconds. For this reason, gusts 50 percent
higher than the gusts measured on the anemometers were assumed to be pre-
gent and the maximum allowable wind was reduccd accordingly.

The levels of the maximum allowable upper wind speed and shear, as
stated in AFMTC documents for mcst missiles, are between 25 and 45 «
thousand feet. The maximum speed varies from 120 knots to 180 kncts and
the shear from 20 knots/1, 000 feet to 40 knots/1, 000 fret, For some of the
more sensitive vehicles, the wind effects are so complex that a computer .
ruust be used to determine if the forccast wind profile exceeds the launch
criteria. The launch minima for thesc vehicles are not stated explicitly.

The limitations of the GMD-1A rawinsonde cquipment cause uncertain-
tles in the measurement of upper winds, espccially during jet stream condi-
tions at Cape Caraveral. The GMD-1A cannot measure winds when the
elevation angle of the tracking antenna falls below 6*, At Cape Canaveral
the tracking data become errvatic at elevation angles less than 12 to 14°, Upper
winds producing angles of 8 to 12° are quitc common during the winter months
and can persist for severul days. These low elevation angles causc the
antenna to hunt which (n turn introduces fictiticua shears and large errors in
the observed wind profile. Unfortunately, this problem is acute at levels
wherc the winds are strongest and real shears are greatest.  During past
winter scasons, up~wind balloon releasvs have been usced to keep the elevation
angles large. This hag been effective in improving the data, The smoothing
procedures uged {n the computer processing of the GMD-1A data help to
reduce this source of «rror but also eliminate small-scale motion of the
atmosphere, The winds that are computed are actually mean veetors through
2,000-foct layers or, under high wind conditions, 4, 000-foot layers, The .
computation of w.nds through shallower lavere is not justified because of
limitations of ihe tracking data. An estimate of the error of GMD-1A mea-
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sured winds iz given by *

-2
ov = 2:9hx10
sinZ¢

where oV = rms vector error in knots, h = height in thousands of feet and

a = elevation angle, With strong upper-levels winds, rma vector errora of
30 to 35 knotg may be expected (see Fig. 1).

Table 1 shows the required accuracies (rms error) and altitude for
launch-time obgerved wind data, as stated by the various AMR users. The
wind profiles measured near launch time that are used for test evaluation pur-

pomes, with allowable rms errors as given in Table 1, are rzquirved by some

range users to be given in 500-faot intevvals, 1t ig quite apparent from the

previous discussion that the prescrt wind equipment and processing procedures

do not justify this much detail. The GMD-2, which is expected to be in use at

the AMR by eariy 1962, will help to reduce the wind crrors hecause of its

capability for measuring s'ant range. In addition, an attempt is being made

to provide more accurale wind profiles for evaluation of SATURN test-vehicle
performance by tracking a 6-foot mylar sphere with FPS-16 radar,

Up to the present time at the AMR, the wind forecasts required by missile
and space vehicle test agencies have been for surface (0 to 200 feet) and for
wind profiles from the surface to 110,000 feet, Some of the test programs in

the near future, such as SATURN and DYNASOAR, will require wind profile
forecasts up to 250, 000 feet,

The methods for wind forecasting for migsile launches at the AMR are
eggentially those used for forecasting for aircraft operations, except that a

vertical profile is required for the missiles, whereas the horizontal wind field

is usually of more importance to aircraft. As mentioned previously, the level

of critical wind speed and shear, of primary concern to the migsile contractor,

usually coincides with the level of the tropospheric wind maximum-=--25, 000 to

45,000 feet. The wind maximum and ghear facsimile prognostic charts from

the National Weather Center are used along with the progs for the various

pressure levels to arrive at a forccast profile, This method {8 not completely

saticfactory, cspecially with ths more wird-sensitive space vehicles which
require a detailed forecast profile, with winds at close intervals, t5 be run

through a computer tc determine if launch criteria are excceded, Our present

forecast techniques do not warrant presenting wind profiles in greater detail

than at ¢, 000-foot intervalg for periods beyond 6 to 12 houra, Such a forecast

profile given 1n 5, 000-foot intervals may not poriray shears which cause

*Karl Johannessen, Accuracies of Meteorological Upper Air Data, Hq
AWS, Scott AFB, I11. Unpublished ceport.
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FIG. 1. From Johannesacn, K., "Accuracies of Mecteorological
Upper Air Data, ! Hn. AWS, Uncublishcd Report,
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TABLE 1

REQUIRED ACCURACIES AND ALTITUDE FOR LAUNCH TIME
OBSERVED WIND DATA

ALTITUDE
50, 090~ 120, 000~
0-50,000 FT 120,000 FT 250, 000 FT
POLARIS 5.0 kts, s° Same -
HETS (BLUE SCOUT) 8.0 kts, (VE) Same -
PERSHING 0.5 kts, 5° Same Same
ATLAS 6.0 kts, 10° Same Same
TITAN | 0.0kts, 10° Same -
ADVENT 6.0 kts, 3° Same -
MERCURY 0.5 kts, 3° Same Same
MINUTEMAN 16.0 kts (VE) 18.0 kts (VE) | %
CENTAUR 5,0 kts, 5° Same -
DELTA 6.0 kts, 3° Same { -
TRANSIT COURIER 6.0 kte, 3° Same -
RANGER ! = i -
SKYBOLT 6,0 kts, 10° Same -
SATURN * = , 5
DY NASOAR * * %

|

*Data requirédd but accuracy not stated.
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concern, whereas the 'trus' wind which includes vertical siears produced by
motion of the scale of 1000 to 5000 feet may cause excessive wind loads
eapecially on some of the more complex combinations of soasters and payloads,
For this reason observed wind profiles are provided for unusually wind-
sensitive vehicles heginning at 12 hours prior to launch and continuing at
intervals, depending on the wind and shear magnitude, until launch.

Ap indicated by the title of thia paper, only AMR problems have been
ciscussed. The research and development agency, AFCRL for the Air Force,
is well aware of theae problems aud is devoting congiderable effort and funds

toward their solution,
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Smoke-Trail Measurements of the Vertical Wind Profile and Some
Applictons

ITARCLD B, TOLEFSON

NASA LANGLEY RESEARCH CENTER

ABSTRACT

Thie paper discusses a method in which the detafled structure of the wind
profile is determined from photographic tracking of a snioke trail left hy a
vertically rising rocket., ‘bhe accuracy of the method is discussed and results
are presented in the form of wind profile measurements, Particular attention
is given to emall-scale wingd fluctuationg which cannot bz measured with con-
ventional wind-sounding systems. The implications of these fluctuations to
miscile loading problems are illustrated by the results of computer studies of
missile responses to different wind profiles.

INTRODUCTION

The problem of obtaining accurate meagurenients of the wind structure

for application to flight problems has heen under continuing study for a number
of years., The need for impreved wind measurements has been particularly
emphasized by the current development and use of large and complex rocket

vehicles for launch througn the curti's atmosphere. For such vertically rising

vichicles, the wind conditions experienced during the exiting flight phase are a
major loading scurce and impose serious design conditions on the vehiele's
structura) strength capabilitics and on its guidance and control system.

In an cffort to provide improve.d wind measurements a technique based
on photographs of visible trails emitted from vertically rising rockets hag been

under development by NASA for about a yvear., This technique has provided

highly accurate measurements of the compliete wind profile including small-

scale wind fluetuaticne whieck are comgploicly wasked (0 conventional gouncing

wind measurements. It has the furthor advantage of providing the measure-

ments along tvpical missile trajectories, thus eliminating the differcnces (n
the wind structure between the time-spaee npath followed by balloons or other
commonly used tracers and the noawm-wared

Eolrajoctory,
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The pd;poue of this paper is twofold. First, the smoke-trail technique
will be briefly described and some measured wind profiles will be discussed.
Secondly, the measurements will be applied in missile response calculations
as & means of highlighting some miasile response problems,

NOTATION

b length of buse line between cameras, ft

H focal length of camera, in,

x', z' novizontal and vertical film coordinates, in.

X, Y, 2 right-hand Cartesian coordinates with origin at cameral,
X axis along the camera base line, and Z axis vertical, ft

a azimuth angle at camera from Y axis to point on smoke trail,
positive clockwise, deg

£ dihedral angle at camera bage line from horjzontal nlanc to

plane containing point on smoke trail, positive upward, deg

gubscript I refers to camera

subseriptII  rofers to camera II,

MEASUREMENT PRINCIPLES

The principles of the smoke~trail measurements have heon Aeseribod
rather completely;"2 accordingly, only an outline sufficient to give an
understanding of the basic principles is given herc., A filament compnscd of
very line particles, or 'smoke,! provides an extremelv sensitive tracer
system with nearly perfect response to very small-scale atmospheric motions,
at leagt througnout the relatively dense atmosphere below 100, 000 feet, The
smcke particles have eggentially zero fall rate, and it {s thus possible to
deduce a wind velocity from a time averaging of the displacement of the trail
without also being concerned with a vertical-height averaging interval, The
general measurement system is illustrated in Fig, 1,

Figure 1 illustrates the tratil as it is distorted by the winds a moment
or go after miesile passage and the two camera sites which make up ihe
ground installation. The distance of the cameras to the launch site is about
1C miles for thig particular application in which photographs of a trail up to
about 100, 630 feet are des:rcd. The trail sketched in Fig. ! may b formed
either by the natural exhaust products of a solid-propellant rockat o by
introducing hygroscopic particles into the wake of the rocket to induce con-
densation of atmuspheric water vapor, In gzithcr case it is possible to obtain
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a highly reflective trail that porsists for several minutes for photographic

appiications.

A set of photographe of a rocket exhaust trail 5 taken from the two
camera sites al the Wnilopa atation i8 shown in Fig, 2. Theae particular
photographs wevre taken about one minute after passage of the rocket and
show the distartiona in the trail due to the varying winds at different altitudes.

The determination of the trail displacements over given time intervals from

sets of such photographs forms the basic scheme of the smoke-trail wind
Obvious operational requirements for this system arc

measurement system.,
For some locations, these require-

relatively eclear skies and good visibility,
ments may severely limit the application of photogrammetric methods of wind

shecar rieasurements.
As can be noted from an examinatioa of Fig, 2, it {s nsually not posgible

to identify a common point on the trail in the two photographs. This identifi-

cation of points is an important featurc of the smoke-trail reduction procedure

and is described in the following parvagraphs,

Figure 3 shows the image of the smoke trail as it would be formed by a

camera pointed perpendicular to thr base line and in the hovizontal plane. It

can b2 seen that the following relations between the angular valucs and film

coordinates hold for the camera system:

x! .
(1)

tanag = =
f
tan € - %— {2)

I'he nee of theeo tyve angles in identification of points, and in computation of

tiie grograpiic position of the points, is illustrated in Fig, 4,
Notico in Fig. 4 that the elevation angle € is thc dihvdral angle betwevn

the horizontal plane and the plane through the base line b and peint (XYZ) on

the smoke trail. Thir angle scrves as a means of identification of the point
on the simultancous photographs from the two camera sites gince it has a
cammon value for anv given paint. The two azimuth angles ar and a" are
measured from the Y-axis diroction to the projection of the point (XYZ) on
the horizontal plane,

From Fig., 4 it can b2 scen that

™

tanax =

tan (-o.”) = =

s O I < gt i s el = N7 o ot
P A P
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tan € = 5 {5)

’

and solving simultaneously:

‘b.tan q

2 ———————— — \
X tan o - tan an te;
b
Y tan ay - tan g,y ()
b tan €
zZ = . (8)

tan aI - tan °'II

Equations (6), (7), and (8) define the position in space of any given point on
the trail, Repeating this procedure for a large number of points rcad from
the tilm negatives defines the X-Y coordinates of the trail at closely spaced
height (Z) values, The wind components along the X and Y axes at a given
height 7 arc tnen found simply by subtracting the X {or Y) values deter-
mined from successive paire of simultaneous photogrephs and dividing by the
time interval, In practice, it is not convenient to aim ‘he cameras perpen-
dicular to the base line and in the horizontel piane as in this simple example,
and coordinate transformations> are used to give equivalent results for

camcras aimed tcward the trail,

RESITITS OF MEASURIEMENTS

As an {llustration of the wind profiles measured by the smoke-trail
technique, the W-E and S-N cojnponcnts of two meagured proflles are given
in Fige, 5 and 6, The profiles were measured at the NASA Wallops Station
and represent light to moderate wind conditions throughout the altitudes
covered, In each profile the wind velocities have been determined at altitude
increments of 100 feet as given by the dotted points in the figures., This
degree of detail in speeifying the wind profile is considered udequate for
missile response problems encountered to date, but if necessary, socmewhat
greater detail could be obtained,

The important feature of Figs. 5 and 6 is the continuous nature of the
disturbances throughout the profiie with iarge- and small-scale wird fluctua-
tions following one ancther {n altitude in en apparently random pattern. Many
of the emall-~8cale disturhances have vertical wavelengthe considerably less
than 1000 feet, The large number of indenendent date points obtained by the
smoke -trail method allows even these small-scale disturbances to be traced
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1ittle effect on the f{inal wind measureme

aiming of the cameras, and the
error equations in terma of tha facters n
. discusesed. L,2,4

camera installation.

random reading error, ete., are noted.

curacy of the wind measurements for an altitude coverage up to 100, 060 feet.

TABLE

nte. Other random effects that gencr-
ally do not cancel out contribute the major errors to the present system,

I
- awuyve

appropriate to discuss the measurement accuracy briefly at this point.
smoke-trail measurements relatively great errors can be tolerated in the
absolute position of the trail as long as these errors are consistent from

frame to frame. These systematic errors tend to cancel out In the subtraction
of successive trail positions for the wind-velocity determinations and thus have

. out quite clearly and gives a high degree of detail in the wind profile,
Although not many amoke-trail measuremecatg he2 been obtained to date, the
random distribution of small- and large-scale disiurbances throughout the
altitude range covercd appears as a common feature of 2l measurements
and is apparently typical of the wind inputs to vertically vising vehicles,

A definition of the fluctuationg at the different altitudcs as in Figa, 5
and 6 requires, of course, very accurate wind measurements, and it is

poaition and slope of the smoke trail, Detailed

have been developed and

’ Table ! summarizes the rms vecter wind error as a function of the
altitude of the point in question and the altitude coverage afforded by the

The conditions concerning averaging tirme interval,

The upper row illustrates th: ac-

11,2,-4

In the

The
primary factor contributing to the overall errvor {s reading the position of the

smoke-trail image on the photographic negative. Other factors affecting the
wind vclocity evror are the focal length of the cameras, the location and

RMS VECTOR WIND VELOCITY LRROR, AS A FUNCTION
OF AILTITUNDR AND RANGE

Altitude Coverage Altitude of point on trail, ft ]
ft 1000 10, 000 50, 000 100, 000
100, 000 0.141 0.178 G.330 0.525%
S0, 000 0.273 0,107 0,262
[ 10, 000 6.018 j 0,053

Basoed on:

Camera elevation ard azimuth angles of 45° rms reading error of 0.6G61 in,

a" bv ¢'" film negative,
t-minute time averaging interval
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These values ave vepresentative of the camera installation st the Wallops .

Island range, Notice that the wind velocity error inercases with helght, but
even a! the top of the trail at 100, 000 feet the error {0, 525 {ps vms) is
negligibly small, This degree of accuracy is sufficient to allow definition ot
the small-scale and random fluctuation in the wind profile as previously dis-
cussed in connection with Figs. 5 and 6.

The other rows in Table | are indicative of the accuracy that would be
obtained with less height coverage from a gimilar camera arrangement, For
the lower altitude ranges of 50, 000 or 10, 000 feet, a much ghorter averaging
time than the l-minute Iinterval assumed in the table might be used, and would
probably be necessary as the trail would he blown out of the {ield of view of
the camera in a short time.

APPLICATION OF MEASURED PROFILES TO
MISSILE RESPONSE CALCULATIONS

The unsgteady aerodynamic loading conditions rcsulting from wind dis- .
turbances as given in Figs, 5 and 6 are of great interest in connection with
responce problom of lavge Wobiers, Thne luads from this varying wind input
when coupled wiit, low acvrodynamic and structural damping could excite the *

lower frequency structural modes and thus reenlt in severe dynamice lecading
conditions. Although the wind-sounding data currently available for applica-
tion to vehicle design problems do not provide thc finer details of the wind
profile, the effccts of severe and sharp wind fluctuations have been allowed
for to a degree in deeign practices. Design procedures, for example, can
congist of supeenosing on the loading determined from the steady winds the
loading due to a {l-cosine) shaped wind disturbance or gust, To produce the
maximum effect, the wavelergth of thc gust can be adjusted to excite the
fundamental structural mode of the vehicle under consideration,

In an exarnination of the significance of the more complete wind profile
to missile loading histories, the bending-moment responses of the Scout
vehicle have been calculated for flight through the wind profile given in Fig. 5
and for flight through the same wind field as it inight "> measured with a
balioon. Theae two wind velocity measurements are 2w in Fig, 7. In this
figure the dashed curve indicates the simulated (perfeet) villoon measurement
and was obtained simply by averaging the smoke-tirzil winds over 2000-foot
altitude intervals, This interve}l sorresponds to the averaging altitude usually
used in evaluating radioscnde sounding data. Aeg can he noted in Fig, 7, thie s
niethod of simulating the ballonn measuremeant leads to a highly ameothed
profile, the smoothing being particularly apparent at altitudes near 17,000
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and 35, 000 feet, These relatively mild winds would not be suitable for design
purposes, but will serve for making the desired comparisons.

w . The bending-moment responaes of the Scout vehicle to the wind profiles
i were calculated on a digital computer by a system developad by Vernon L.
Alley, Jr., of the Engineering Diviaion, LRC. The cquations of motion des-
f‘f eribed perturbations in the pitch planc about a reference trajectory and

i ineluded three elastic bending modes, The molution to these equations was

' found using time-varying coefficients and included an active rate and altitude
guldance aystem. The vesulting maximum bending moments as a function of
altitude are shown in Fig. 8 for flight both through the smoke trail and from
simulated balloon measurements. These bending moments were calenlatad

for a station a! about the miapoint o: the fivst stage; similar results were
obtained for other stations.

The bending-moment curves illustrated are actually cnvelopes of the
maximum bending moment, The {nsert in Fig. 8 shows the details of this
bending moment near 35,000 feet and {llustrates the cyclic characteristic of
the response. The large vegponge at the structnral trequencies of the vehicle

The significant results from Fig. 8 are the larger bending momente for
the ymoke=trail winds throughout all altitudeg up to 50, 000 fe2t, Near 18,000
‘eet and 35,000 feet, in particular, the wind fluctuations indicated by the smoke
treil meoarurements resulted in significant increases in the bending-moment
r:gponges., The increase at 18,000 feet resulted frem the lavge single spike
in the smoke-trail wind mecasurement at that altitude (sec Fig, 7), whereas
tho inereame at 35,000 feet resulted from the response of the vehicle to the
snuence of wind fluctuations. In both cases the increase in load comes from
to~ response of the elastic modes which usually are not excited by the smoothed
wini profiled,

As has been noted earlier, design critoria eatablished within the gero-
epac: industry account for sharp wind fluctuations by superposition of the
loads from some gust, such as a’step or a (1-cosine) shape, on the loads
calcu. ated for an averaged wind profile, In an attempt to determine if such
a pro¢cdure would account for the increase in load experienced by the vehicle
due to the sinuke-trail profile, as compared to the averaged profile, the
bendin;-moment response of the Scout was calculated at varjious altitudes for
a 5203 of atep guets, These loads were then added to the loads due to flying
the. sirnalated balloon wind profile, It was found that an 1R ft/ger ston anet
was reqiired at 18,000 fect to make the total Mending moment reach ths icvel
predicte * by flying the smoke-trali profile, Similarly, at 35,000 feet a 6 ft/
o g’ _ugt was required., For thig case of the Scout vehicle, a superposition
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‘of loads of the type considered in the vehicle design resulted {n loads as severe

g ay those calculated for the smoke-trail winds. As has been noted, however,
? few smoke-trail measurements have been made and the wind speeds and wind
% gradients exhibited herzin are by no means maximum conditions,

E An additional factor of intereat concerns the correlation between the

E steady or mean wind speeds and the higher irequency fluctuatione about the

: mean, The wind velocities measured so far [rom smoke~trail soundings are

relatively mild, the velocities of Fig. 7 never exceeding 80 fps. The fluctua-
tions, on the other hand, appear quite large. In this connection it might be
noted from Fig. 7 that the fluctuation from the mean is 27 fps at 18, 000 feet.
There appears tc be no surc mathsd of cxtrnpelatiag the conditiens fer theee
relatively low wind speeds to the much higher wind speeds used {n design.
Although it might be expected that the fluctuations do not increase {n direct
proportion to the wind speed, a firmer answer to thie question awaits the
acquisition of higher-speed wind data, In this regard, measurements recently
obtained at Wallops under considerably stronger winds at altitudes of 30, 000
to 35, 600 feet will be of assistance,

CONC LUSION

The smoke-trail method offers unique advantages as a wind-measuring
tool for missile applicatione; the most important of these 18 the ability to
obtain a precisec measure of both the short- and long-wavelength wind distur-
bances alony misgsile flight paths. An examination of the bending-moment
responses [or a miesile flight through a given wind field ag determined by a
sraoke~trail measurement and by a ballocon measurement indicated considerably
more severe loading conditions for the smoke-trail winds, The increased
loadings are attributed to the bending-moment amplifications resulting from
excitation of the structural modes by the unsteady wind input, A brief
consideration of current deeign practices indicates that thcse cffects of sharp
wind fluctustions are allowed for to a degree by the application of varying
forms of icele gupevpesition, A rsignificant feature of the emoke~trail meg-
surements {8 that they provide a basis for evaluating the adequacy of more
aimplified design procadurvey, The smoke-trafil wind measurements are
being extended to the severcr wind conditions for a more complete investiga-
tion of these problems.
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The Jet Stream Profile and Associated Turbulence

GEORGE S. McLEAN, JR,

GEOPHYSICS RESEARCH DIRECTORATE
AIR FORCE CAMBRIDGE RESEARCH LABORATORIES

ABSTRACT

The general discussion of lurbulence i8 followed by a discussion of turbulene:
in relatic:n to jet streams. Hortzontzl and vertical wind profiles are combincd
into a mmodel of the jet gtream. Distribution of turbulence aa ahserved in
Durainat Jot Steonm flights arcund the jot sivoam Sore {5 shdwii,
of severe turbulence (with a maximum true gust velocity of 31 ft gec™l) in
convective clouds in a well developed squall line and obsevrvations of even
stronger cles . air turbulence {true gust velocities up to 37 ft sec™') in a jet
stream si*uation are discussed. An estimate of the {ntensity of turbulence

and the vertical extent of turhulent layers on a typical wind profile through a

jet stream ir nresented., Some important considerations for the occurrence

of turbulence appear to be the change of vertical wind shear with height, thermal
stability, horizontal convergence in upper air troughs, and strong winds, The
most gevere turbulence that could have an effect on acrospace vehicles can be
expected to be encountered in front of an upper air trough in the vegion of jet
strcam winds,

~ .
NUBT Uttt

DISCUSSION OF TURBULENCE

Turbulence in the atmosphere is described! as those motions smallcr in
scale than the motion that is designated as the mecan flow,
occur as drafts in convective clouds and ve rtical moudons in such phenomena as

Larger scale motions
mountain waves, Turbulent eddles with dimensiong of 50 to 500 fect can cause
vawing, pitching and rolling of aircraft as well as other erratic motions, and
would influence any vehicle passing through the region.

Turbulence over land ig dependent upon terrain onlv *o 2 limited degroe
at altitudes of 30, 000 to 40, 000 foet,
winter than in summer (due generally to stronger winds ar.d stronger wind

Overall there {s more turbulence in

shears). Maximum turbulence is found in the vicinity of jet streams, A figure
of 5 percent of the time fov turbulence over ground is quoted from NACA® and

can be compared with a low occurrence of 0. 2percent’ of tine over water, but
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in jet streams the overall average is about 12 percent of the time with tur=
bulence encountered up to 40 percent of the time in particular sectors near

the jet stream core.3'

HORIZONTAL PROFILE THROUGH JET STREAMS

Average horizontal wind profiles through jet streama are shown in Fig,
1, This figure shows asverage wind speed profiles across jet streams for
various profile classes, Wind spceds are expreased in percent of the maxi-
wiom ind mnoed, Thees nwafilag ahow rather amonth values on crossing the
int ctroam ag waonld ane averaas npnfile g0 in ganaral emailar feale featiitem
would be cxpected on an individual profile, There are not the intenge varia-
tiong that have beern indicated in the past, however,

{cal vorticalyp o
stream is shown in Fig, 2. This is an actual wind profile measured by GMD-2
cquipment at Bedford, Massachusetts on 3 April 1957,2 There are small
variations in the wind in the vertical but not the {rregular profile with many
emaller maximums as have been measured by less accurate equipment.
Figure 3 shows average profiles of wind speed in the vertical measured from
the lovel of maximmm wind, Generally, this figure shows stronger shear

with stronger wind spueeds.

THE JET STREAM MODEL

The principal features of jet streams have been combired and presented

in the form of a Jet Stream Model (Fig, 4). This model is based on a com-
bination of aircraft observations made by the Geophysiecs Reecarch Directorate's
Projeect Jet Stroam over the eastern United States from 1953 to 1957, 3,4

This is an average model of thu jet stream. Particular jet streams vary in
manyv wavs just as other meteorological phenomena differ from their {deal-
izations, Tropopause breaks vary from case to case, as do vertical and
horizorta! wind shears, uppur fronts, ete. The deviations of particular jet
streams {rom the mean strunture may often be inferred fom synoptic data,

if these data ave plentiful, However, without clear evidernce of deviations,

it must be assumed that the average structure existsg,
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DISTRIBUTION OF TURBULENCE ABOUT THE
CORE

The frequencies of obaerved turbulence (a5 measured by Project Jet
Stream aircraft) are shown in Fig, 5, Observations of turbulence of just

perceptible intensity (called 'very light' by crew members) are classed as
nonexistent in this tabulation. From this figure it can be geen that turbulence
i8 most likely to be found north of the jet stream core near the polar tropopause
and above ‘he core along the tropical tropopause, L7 Indication of a maximum
is also found in the 'jet strcam front.' There is less lurbulence in the jet cove
itself than in the surrounding arcag,

SEVERITY OF TURBULENCE

Much of the turbulence observed by Project Jet Stream afrcraft was
classcd as light turbulence (true gusts less than 5 fect per s2cond). A consi-
derable amount was classed as moderate turbulence gusts (graater than 10 feet
per second) and some was classed as gevere turbulence (gusts greater than 20
feet per second). During one flight into a2 squall line, convective turbulence
with gusts ovar 20 feet per gsecond was encountcred a good part of the time that
the aircraft was in clouds and at one point mcasured a gust of 31 fect per
geccnd.® The strongest turbulence ohserved by Project Jet Stream, howcver
was observed in elear air in a moderately strony iet stream (146 knote), On
this flight No, 27 (Fig. ¢), the most severe turbulence encountered on each of
three traverses through the same locaticn was 32, 35, and 37 fest per sccond,
true gust veloeity, respectively. The synoptic charis and terrain in this case
gave no indication of turbulence in this region.

PROPERTIES OF THE FLOW INDUCIVE
TO TURBULENCE

a

A combination of factors seems to be of impartance in the location of
clear air turbulenece. Theore are many theorizs as to the best method of fore-
casting the occurrence of turbulence, but no one method stands out ahove the
others. Onc¢ important factor that has heen studied perhaps to the greatest
degree {8 the vertical wind shear, Even morve important is the change of the
ve mieal wind ghear. Another important feature that showed up in Prcject Jet
Stream studics is the local mesoscale herizontal convergence, Thig is
probably 8 contributing factor and ghould be studied further,
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*' TIr: curvature of the wind flow pattern ai jet stream altitudes is aiso
#etlr rd arz important factor, FProject Jet Stream flights, in front of troughs
n¥ 6 intersection of jet streams (such as 1 iigat No. 27, Fig, 6) encountered
wyliiTt: or Bevere turbulence in nearly every case, The severest turbulence
supiregtuation weuld be found to the north and slightly below the jet atream

Al @+ vieinaty of the polar tropnpausge, Strong updrafts were also found
e lCL {agee.

WIWTTAL SHEAR AND MICROSCALE
U= 1ENT EDDIES

i1 ezvertical sounding has many vaviations in the wind, such as peaks
PR ems, ot i3 diffieult to describe the turbulent eddies created., On the
w2 rd, where can turbulence be expected to he encountered in looking at
el vertiecsl wind nrofile thirough a jet stream and sthdying the vertical
myayToirs and the vertical gradient of the wind shrar, This has been studied
#s ey and nrineiples have been theoretically derived in an effort to ex-
KT o> oreserce of turbulence, L7

A e

. . . ",
usec a number firgt derived by Scorer in the hapers that {t would
nwive {1 eritvelen fne estimmating the int:nsity of clear air turbulence,
1 "m:Sedrcr numizer
A%
v »-
ALE

E A0
6 AZ
2

: v
w:' s the wing specd, —322- fe the vertical gradient at the wind shear,
A

BovTrimgily, 9 is patential temipeccature, and A4/ AZ {s the vertical gradient
Pafiyicizl tepmne rature,

43y uzed turbalence data gatherced during the U, S. Synoptic High-
W E CSist Program in 1933 and found, generally speaking, that ag the
= ey ombor inecreascd fram negative through zero to positive, the intensity
"Rty cace caanged from none to slight to moderate,

11 *tis present study, independent date from Project Jet Stream flights
. Alarge aumber of cases were not available, but by studving
igr 3 ring whicl ascents and descents were made through turbhulent layers,
i M agrerment was found with studies bv T.ake,

iy xr:gion g abeve the jet stream core, it was ugually found that moserate
Ynran: wes associated with a large negative wind shear, a positive curva-
*ir ¥ m: wind orofile and a thermally stable atmosphers, In regiong below
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. 7 the jet stream core where the pesitive wind shear is strongly increasing with
height, the vertical wird shear gradient can counteract thermal stability and

CONC LUSIONS

Py cause turbulence below the core, Kuettner® aliributes this to the existence
; of traveling gravitational waves in the jet gtream, which will apnear in a

= region of instability, '

F

From thesc studics il scems probable that turbulence woula be found on
certain s2ctions of a vertical profile such as the 'Sisgenwine Design Criteria
Protile' (Fig. 7). 1 Generaily, turbulencce would be expecetad to be ohservad
in the reglons wiier> the shear begins to increasc sharply with height {naint A)
with an upper limit at B, below the core, and algo zhove the cove frumm C to D
where there is a strong positive curvature of the wind profile. Thesge turbulent
layers would be in the order to 2000 to 560C feet {nn depth, dependent upon the
wind speed, wind shear, curvature of the wind profile and thc thermal fleld.
Climetology of detailed wind profiles colle cted by ‘he methods deseribed in
the two previous papers will undoubtedly take the> zuessing out of the supposition
of this turbulence on these general profiles. In the meantime, for design
purposcs, some arbitrary gust, say at lcagt 20 feet per second with a half
wave lengih of 100 feet, should be added tn the critical design profile (o arrive
at the bending moment responsges if the vehicles must fly through most of the
winter gituation jet streams.
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<114, tion with Applications to Altitade fu.d Yig!d Scaling of
Nedld, Toe ol e B o P o Gucar, Sep 1959, (SECRET/RESTRICIED DATA Revers)

No.115. ARDC Model Atmosphere, 1959, R. A, Vinzner, K. . F. Champion and H, L. Pond, Aug 1939,

No,116, Refinements in Utilization of Contour Charts for Climatically Spacified Wind Profiles, 4. £.
Cole, Oct 1959,

No.117. Design Wind Profiles From Japancse Relay Sounding Data, A. Sissenwine, M. T. Mulkem,
and H. A. Salmela, Dec 1959.

No.118. Military Applications of Supercaoled Cloud and Fog Dissipation, C. 5. Downie, and B. A.
Silverman, Dec 1959,

. No.119. Factor Analysis and Stepwise Regrezsion Applied to the 24-Honr Prediction of 500-mb Kinds,

Temperatures, and Heights Over a Silent Area (U), E. /. Aubert, I. A, Lund, A, Thorasell, Ir.,
and . /. Pazniokas. Feb 1960. (CONFIDENTIAL Report)

4 No.120, An Estimate of Precipitable Water Along High-Altitude Ray Pathn, Hurray Gutnick, Mar 1960,

No.121, Analyzing and Foracasting Meteorological Conditions in the Upper Troposphere and Lower
Stratosphere, R, M. Endlich and G. S. McLean, Apr 1960,

No.122. Analysie and Prediction of the 500-mb Surface in a Silent Area, (U), E. A, Aubert, May 1960,
(CONFIDENTIAL Report),

No.123. A Diffusion-Deposition Model for In-Flight Rclease of Fimsion Fragments, M. L, Barad,
D. A. Haugen, and ], ]. Fuquay, Jun 1960,

No.124. Research and Development in the Field of Geodetic Sciencs, C. E, Ewing, dug 1960,

No.125. Extreme Value Statistics — A Method of Application, /. 1. Gringorten, Jun 1960,

No,126, Notes on the Meteorology of the Tropical Pacific and Southeast Ania, ¥. D. Mount, Jun 1960,

No.127. Investigationa of Ice-Free Sites for Aircraft Landings in East Greenland, 1959, J.H. Hartshorn,
G. E, Stoertz, A, N, Kover, and S, N, Davis, Sep 1961.

No.128. Guide for Computation of Horizonta! Geodetic Surveys, f. R. Kakler and X. 4. Roy, Dec 1960,

No.129. An lavestigation of a Perenniaily Frozen Lake, D. £, Barnes, Dec 1960.

No.130. Analytic Specification of Magnetic Fields, P. £, Fougere, Dec 1960, (CONFIDENTIAL Kepart)

No.131. An [nvestigation of Symbol Coding for Weather Data Transmiesion, P. I Hersiherg, Dec 1960,

: . . . . b Aj ndings o
No.132. Evaluat fan A - d Site and Reaults of C-13U Aipcraft Test Lnding
0 f’;?arui: llgpogno:tory:c.i‘v";.l&iee;. :nxa‘,uli%é-l‘)%n‘?. " Veedlaman, U, Klick, C. K, Hclineux, Mar 1961,

No.133. Effectiveness of the SAGE Syatem in Helation to Wind‘Eorevc‘alt_C.BPBbUiE)’ (),
£, M. Darling, Jr., and Capt, C. D. Kers, May 1961. (CONFIDENTIAL Report)
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AIR FORCE SURVEYS IN GEOIHYSICS (Co
Ares-Dosage Relationships aud . :me of Tracer Arrival m. \
P. P, Elltoit, R. ], Engelmann, P. F. Nickola, Nay 1951, -

Evaluation of Arctic Jce-Fres Laad Sites - Kronprins Christ
Laad, North Gresaland, 1960, ¥. E. Davies and D. B. Krina.

Missile Borne Radiometer Measurements of the Thennal Euii
ICBM Plumea (U), R. E. Hunter and L. P. Marcatte, /ul 196

Infrared Studies of ICBM Plunes Using Missile - Borne Spe
and L. P. Marcoscs, Sep 1961, (SECRET Report'.

Arctic Terrain [nvestigations Centrum Lake, N E Crcenland,
(to be publiahed)

Space and Planetary Environments, S. 1. Valley, Editor. Jan
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